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Abstract 
 
Stabilisation is a technique that has been used to strengthen road pavement 
materials for many years in Australia. Stabilising the natural subgrade soils to 
create a subbase layer as part of new pavement construction in the Goulburn 
Valley region, is however, quite rare. This particular practice has been used in 
other areas of Australia and it is considered that a significant depth reduction to 
overlying granular pavement material may be achieved where stabilisation of the 
Goulburn Valley soils is incorporated into new pavement construction.   
 
The magnitude of the benefit can be influenced by various factors that include 
the original strength of the natural subgrade soil and the receptiveness of the 
particular soil to strength improvement as a consequence of stabilisation.  
 
The five different clay soils sampled from the study area (Goulburn Valley 
region) have all shown substantial strength gain as a result of stabilisation. The 
lime additive has performed well with all soils in the testing group and other 
additives including General Purpose Cement, Triple Blend and H 2 Off have 
provided substantial strength gain with the lower plasticity soils. Adding 
Slag/Lime has generally been less effective across the range of soils when 
compared to the other additives used in the study. California Bearing Ratio 
testing has formed the basis for the measurement of strength improvement to the 
clay soils and the results of this testing have confirmed the ability to achieve a 
design CBR strength of at least CBR 15 % when stabilised with the most 
appropriate additives. 
 
The modelling of typical pavement make-ups, incorporating the stabilisation of 
the natural subgrade soils, has indicated that potential exists for a substantial 
reduction to the granular material depth required for the construction of these 
pavements. Savings of subbase rock material of depths between 150 mm and  
250 mm were calculated when compared to pavements for which the subgrade 
remained untreated. 
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Chapter 1: Introduction 
 
 
1.1 Stabilisation in Pavement Construction 
 
The continuing development of new residential and commercial subdivisions in 
the Goulburn Valley region maintains the ongoing need for new pavement 
construction. This construction is commonly on land previously used for farming 
purposes and predominantly over both silty and sandy clays known geologically 
as fine-grained alluvial deposits of the Shepparton Formation. The clays 
invariably have relatively low California Bearing Ratio (CBR) strengths of 
typically around 2 % to 5 % and flexible pavements are designed on the basis of 
these subgrade strengths. Crushed rock materials are provided for flexible 
pavement construction by numerous quarries located throughout the region.  
 
As part of the pavement design process, the subgrade strength has a large 
influence on the overlaying granular pavement depth, required to withstand the 
traffic loading, over the design life. Vido and Vorobieff (2002) reported that lime 
stabilisation of clay subgrades has been successfully used in residential street 
construction in many urban regions of Australia. Although initially used to 
overcome wet and unstable subgrades and allow construction to proceed, lime 
stabilisation is now used to reduce the depth of overlaying granular material 
pavement layers. This project sets out to establish the benefits that may result 
from increasing the pavement subgrade strength through stabilisation and 
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consequently, reducing the depth of granular pavement materials required to be 
placed as part of the pavement construction process. 
 
Irrigation farming land covers a substantial portion of the Goulburn Valley 
region. This can present road construction contractors with moist subgrade 
conditions at the commencement of new pavement construction, where 
subdivision developments extend into the previously farmed areas. It is also 
apparent that the road construction season now continues well into the winter 
period and this also results in problems associated with unstable subgrades due 
to excessive moisture. Stabilisation of the subgrade soils is occasionally used to 
provide a stable platform for the pavement construction works to continue.  
 
It is likely that, while drying the subgrade to a stable condition, the addition of 
stabilising binders will generate strength gains to these natural soils and offer 
much-improved subgrades when coupled with the provision of good drainage. In 
this situation, subgrade stabilisation could be adopted from the outset and 
achieve benefits to the construction practices, as well as reducing the required 
overall granular material component.  
 
 
1.2  Stabilisation in the Goulburn Valley Region 
 
With an absence of experimental data for the stabilisation of the soils specific to 
the Goulburn Valley region, stabilising the pavement subgrade to increase the 
subgrade strength, as part of the pavement design and construction process, is not 
a common practice is this region. It is likely that with a number of quarries 
located across the region, providing a relatively plentiful supply of crushed rock, 
the use of subgrade stabilisation to reduce the depth of crushed rock material has 
not generally been considered. 
 
It is therefore proposed to undertake experimental testing of samples of the local 
soils following stabilisation with commonly available binders. The results of this 
testing will be used to assess the associated strength gains and evaluate potential 
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benefits by carrying out typical pavement designs considering the modified 
subgrade strengths. Vido and Vorobieff (2002) suggest that one use of lime 
stabilisation is to improve the properties of clay subgrade soils to subbase quality 
and as a consequence reduce the thickness of overlying materials. It is this 
particular aspect that will be concentrated on in this project work. It is also 
anticipated that the most appropriate binder types will be established for these 
specific soils as part of the study. 
 
A Project Specification has been developed for this research project task, 
detailing the specific project aims and setting out the proposed programme that 
will be followed. A copy of this document is provided in Appendix A.  
 
 
1.3 Project Aims and Objectives 
 
The project is undertaken with the following aims and objectives: 
 
1. To measure the strength gain to a range of the commonly occurring soils 
located across the Goulburn Valley region through stabilisation with a 
variety of stabilising binders at varying application rates. 
 
2. Evaluate the results of California Bearing Ratio (CBR) testing and 
Unconfined Compressive Strength (UCS) testing of the stabilised soils 
and establish the binders that perform well with each of the soil types on 
the basis of the strength gained. The alternatives considered will be 
limited to the results that show a substantial strength gain as a 
consequence of stabilisation. 
 
3. Ascertain appropriate theoretical design subgrade strengths for the 
stabilised subgrade soils on the basis of the strength testing of stabilised 
specimens.   
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4. Undertake modelling of typical pavement make-ups for lightly trafficked 
roads considering the natural subgrade strength and also the incorporation 
of a stabilised subgrade layer. Compare the make-ups and establish the 
savings in subbase material that are achievable when stabilisation is 
considered.  
 
 
1.4 Dissertation Overview 
 
This dissertation is set out in seven chapters and a brief summary of each of the 
chapters is provided here. 
 
Chapter 1. Introduction. This chapter has introduced the research topic and 
outlined the need for work in this area. The specific aims and objectives have 
been defined in this chapter.   
 
Chapter 2. Assessment of Consequential Effects. The ethical responsibilities 
required of the author and any related consequences stemming from my research 
have been identified in this chapter. Both the benefits and detrimental effects are 
discussed. 
 
Chapter 3. Background Information and Literature Review. Previous 
research undertaken in this field of study is covered in this chapter. Information 
relating to key findings by others and general stabilisation guidelines and 
practices that have been documented in various pavement design manuals and 
related papers from previous research is discussed.  
 
Chapter 4. Methodology. This chapter describes and justifies the methods used 
in the study. The selection of variables to be tested and the relevant specific 
testing methods and measurement techniques adopted as part of the study are 
outlined here. A description of the process of analysis of results also forms part 
of this chapter.  
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Chapter 5. Testing Results. The results of all experimental testing work 
undertaken as part of the study are provided in this chapter. 
 
Chapter 6. Analysis of Experimental Test Results.  The results of the 
experimental testing are analysed in accordance with the analysis methods 
chosen and the outcomes are discussed within the context of the overall project 
objectives. 
  
Chapter 7. Conclusions and Further Work. The important aspects of the 
research work are summarised and directions for further work are identified. 
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Chapter 2: Assessment of Consequential Effects 
 
 
2.1 Sustainability 
 
Stabilisation in pavement construction is a rehabilitation technique used to 
improve existing pavement materials where pavements have failed. As a result, 
this can avoid the need to import new materials. Alternatively, it is also used to 
improve the strength of new pavement materials, and in doing so, reduce the 
overall pavement depth and as a consequence the total amount of pavement 
material. Stabilisation of subgrade soils is also common in providing a 
strengthening of the supporting soils where the natural strength is low, or where 
moisture levels result in unstable subgrades at the time of pavement construction. 
 
In the majority of cases, the process of stabilisation is undertaken to reduce the 
amount of granular material required to be imported to the pavement site. Rock 
crushed for use in flexible pavement construction is produced by quarries located 
at sites where suitable source rock is available. Quality rock is a limited resource 
and a reduction to the quantities required for road construction, through an 
increased use of stabilisation of existing materials, will help to ensure the 
ongoing supply of these rock sources for future use. It is therefore believed that a 
more extensive use of stabilisation, to improve the strength of subgrades in 
particular, may provide not only economic benefits but also achieve substantial 
crushed rock pavement material savings. 
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Cartage of crushed rock materials to a road construction site can be an energy 
intensive practice. The use of large haulage vehicles can impact heavily on the 
existing road network and these trucks are typically high consumers of fuel. The 
transporting of these materials can, therefore, add substantial cost to the 
construction process. The lessening of the need to transport considerable 
quantities of material can only result in substantial energy and financial savings. 
 
The process of quarrying rock for use in pavement construction impacts on the 
local environment. A reduction to the current use of this resource for new 
pavement construction can only serve to limit the burden associated with this 
practice. While some of the stabilisation binders proposed for trialling in the 
experimental component of this study, are also produced from the extraction of 
natural resource materials, the stabilisation process uses relatively small amounts 
of these materials when compared to crushed rock quantities required where 
stabilisation is not used.  
 
Stabilising binders are now being manufactured from the by-products of iron 
production and the burning of coal for the production of electricity. Improving 
materials through treatment with these products is considered a valuable 
utilisation of an otherwise wasted resource. 
 
 
2.2 Ethical Responsibilities 
 
In undertaking the project work, it is considered essential that both the overall 
project objectives and all of the individual processes involved are given careful 
ethical consideration. 
  
It is important that the stabilisation binders used for the experimental work are 
selected free of any commercial bias. While there are obviously specific products 
manufactured by commercial suppliers, the aim of the project is not to promote 
the use of particular brand products, but to show a range of commonly available 
alternatives that will be suitable for use with the local soil types. It is hoped that 
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the results of this work may provide pavement designers in the local area with an 
increased confidence of expected subgrade strength gains when considering 
subgrade stabilisation.  
 
The proposed experimental component of the project is to be undertaken using 
current test procedures that are well recognised and endorsed by the Australian 
Engineering Industry. All proposed testing procedures are from current 
Standards Australia test methods and VicRoads testing methods and Codes of 
Practice. The testing is to be performed by a NATA registered testing laboratory, 
ensuring a high standard of testing practices generate highly credible results.  
 
In undertaking the testing program for the trialling of stabilising binders, it is 
vital that the results are in no way affected by expected or desired outcomes.  
 
Companies that manufacture stabilising binders for the use in pavement 
construction, publish information relating to the benefits of using a particular 
product to achieve substantial strength gains to materials as part of road 
pavement construction. While often, experimental data is available to support the 
suggested gains that should result, it may be considered irresponsible for a 
pavement designer to take this information on face value and apply it to 
materials that have not been used for the experimental analysis.  
 
The undertaking of this project is with an ethical responsibility to provide further 
experimental data for specific soil types and allow an enhanced confidence when 
considering the likely benefits that stabilisation may provide for local pavement 
construction.  
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Chapter 3: Background Information and 
Literature Review 
 
 
While stabilisation has been used in pavement construction in Australia for many 
years, the advantages associated with this construction technique, when used for 
strengthening subgrade soils in the Goulburn Valley, are limited by the lack of 
available information specific to this group of soils.    
 
 
3.1 Goulburn Valley Region 
 
The Goulburn Valley is a region located towards the north-central part of 
Victoria. While the region boundaries vary slightly, depending on the specific 
purpose for which the region is being defined, the following provides a practical 
description of the extent of the area being considered. The city of Shepparton is 
relatively central, with the region extending to Echuca in the west, Tocumwal in 
the north and almost to the towns of Seymour in the south and Benalla in the 
east. The Goulburn River runs through the region and the Murray River defines 
the northern boundary. Irrigation and dry land farming land covers much of the 
area and the region is well known for its extensive fruit growing industry.  The 
general area known as the Goulburn Valley is shown in Figure 3.1 below. 
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Figure 3.1 – Goulburn Valley Region. 
 
 
3.2  Geology 
 
Shepparton is located within the area described as the Murray Basin (DPI, 2005). 
The basin is an extensive alluvial plain formed by land subsidence during the 
Tertiary period. Deposits of sediments by a ‘prior stream’ system in the 
Quaternary period (from approximately 1.6 million years ago to recent 
geological times) are known as “Shepparton Formation” on geological maps. 
The deposits are mainly derived from rivers and streams. The deposits also 
include aeolian (i.e. windblown) deposits that consist of fine calcareous soil 
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material. This material spread over the Northern Victorian plains during dry 
climatic periods. The Shepparton Formation deposits typically range from a 
depth of 50 metres to 125 metres and overlay older alluvial (Tertiary) and marine 
(Ordovician) sediments. The most recent deposits have taken place in the last 
10,000 years and are associated with present day streams and rivers. These soils 
are variable deposits of sand and clay and there has been minimal development 
of the soil profile. The Shepparton Formation deposits consist primarily of fine-
grained silts and clays and course-grained sands.   
 
 
3.2.1 Clay  
 
Clay is described as an earthy material composed of certain kinds of silicate 
minerals that have been broken down by weathering (The World Book 
Encyclopedia, 1995). Clay mineral particles are of ‘plate like’ form and have a 
high surface to mass ratio (Craig, 1997). The very small sheet like particles of 
alumina and silica are bound together by water. The particles are extremely small 
in size, measuring less than 0.004 millimetres in diameter, and are produced by 
the chemical weathering of rock. The mineral form of the parent rock is changed 
through the action of water, oxygen and carbon dioxide. Groups of crystalline 
particles are formed as a result of this weathering process.  
 
Kaolinite, illite and montmorillonite make up the three principal clay mineral 
structures. Approximately thirty different types of clay exist and most natural 
clays are mixtures of the principal structures as well as other weathered minerals. 
The various colouring of clay is derived from different minerals or carbon 
compounds that may exist. Clays become plastic when moist and often form 
colloidal suspensions when immersed in water. Clays are distinguished from silt 
and sand particles in the soil by their small size, layered shape, and high 
plasticity index.  
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3.2.2 Silt  
 
Silt is a sedimentary material consisting of small particles. The particles vary in 
size between 0.004 and 0.063 millimetres in diameter. Silt is predominantly 
quartz mineral particles that are larger than clay but smaller than sand particles 
and is produced by the mechanical weathering of rock. 
 
 
3.2.3 Sand 
 
The World Book Encyclopedia (1995) describes sand as a loose accumulation of 
tiny pieces of rocks or minerals that are larger than silt or clay but smaller than 
pebbles. Sand grains generally fall into the size range of 0.063 to                        
2.36 millimetres. Sand is formed as a result of the weathering and decomposition 
of igneous, sedimentary or metamorphic rock. Sand may be composed of many 
types of material and the most common mineral in sand is silica usually in the 
form of quartz but may also contain other minerals including feldspar and 
fragments of rock.  
 
 
3.3  Soil Classification Systems 
 
Soil classifications are used to place a soil in a limited number of groups on the 
basis of a defined group or characteristic (AS 1726 - 1993). A number of soil 
classification systems are in use, each varying slightly with the grouping of soils 
and the description that is given to each group. The most widely used 
Classification System is the Unified Soil Classification System, developed in the 
United States. The British Soil Classification System is another of the well- 
known classification systems. The AS1726-1993 Geotechnical Site 
Investigations code includes a system of classification that provides a means of 
describing a soil based primarily on the particle size distribution and plasticity of 
a soil. This system is similar in nature to the Unified Classification System and 
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provides a common means of describing the characteristics of a soil for 
engineering purposes in Australia. The description of a soil follows a relatively 
strict wording format and each soil group is represented by a two-letter symbol.  
 
The particle size distribution of the soil is primarily used to distinguish the soil 
between the major groupings of boulders, cobbles, gravels, sands, silts and clays, 
according to the percentages of material passing particular sieve sizes. When 
considering fine grained soils (i.e. more than half of the material less than size  
63 mm is smaller than 0.075 mm) the liquid limit and plasticity index are used to 
read the soil classification group from a chart provided in AS 1726. This chart 
has been reproduced below in Figure 3.2. 
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Figure 3.2 – Plasticity Chart  (Source AS1726). 
 
 
This chart is also of use when grouping the coarse-grained soils, however further 
explanation will not be provided here.   
 
The ‘A’ Line shown on the chart differentiates between the predominantly clay 
(above ‘A’ Line) and silt or organic soils (below the ‘A’ Line). The letter C is 
used for clay soils and the secondary letters of L, I and H refer to the level of 
plasticity - low, intermediate and high respectively. The letter ‘M’ is used as a 
descriptor for the predominantly silt soils, again with a secondary letter to 
   14
indicate the range of plasticity. The letter ‘O’ is utilised for organic soils and can 
include both organic clays and silts.  
 
Each soil group is provided with a typical form for naming the soil. A soil is 
often a combination of various constituents and the standard soil description 
describes the primary soil, modified by the minor components. The standard 
format places the soil component that exists in lesser proportion first, followed 
by the major soil component. For example, a predominantly clay soil with a 
smaller proportion of silt would be described as a silty clay. Further description, 
including such properties as the plasticity range, colour, moisture condition, 
consistency, and soil structure, enhances the overall information for the 
particular soil type. 
 
The classification of soils using a universal system allows the relatively easy 
identification based on the similarities of certain material properties.  
 
 
3.4 Typical Pavement Construction in the Goulburn Valley 
 
New pavements constructed in the Goulburn Valley region are typically made up 
of 2 or 3 layers of crushed rock and ripped gravel materials, commonly available 
from quarries located across the region (Figure 3.3). Generally a high quality fine 
crushed rock (Class 2 FCR) is placed in the upper base layer, directly below a 
sprayed seal or thin asphalt surface. Class 3 fine crushed rock commonly forms 
the lower base layer of the pavement and a Class 4 crushed rock or hill gravel 
type material may be used to provide a subbase layer. These materials are 
normally placed directly over the exposed natural subgrade soils (i.e. following 
stripping of topsoil and any unsuitable materials).  
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Figure 3.3 – Typical new flexible pavement make-up. 
 
 
3.4.1 Stabilisation in the Goulburn Valley 
 
While stabilisation is a method often used as part of the rehabilitation of existing 
pavements within the Goulburn Valley region, it is quite uncommon for the 
technique of stabilising subgrade soils to form a subbase layer, to be 
incorporated into the construction of a new pavement. Stabilisation of the 
predominantly clay soils is usually only undertaken when particularly wet 
conditions present a moist and unstable subgrade at the commencement of 
pavement construction. Stabilisation is employed in this situation to provide a 
firm platform for the placement of the subsequent granular pavement layers. Any 
advantage gained from the increase to the strength of the soil in this situation is 
not generally taken into consideration.  
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3.5 Pavement Design 
 
The design of new flexible pavements can be undertaken with the guidance of a 
variety of road design manuals currently available in Australia. The more 
commonly used manuals include: 
 
• Pavement Design – A Guide to the Structural Design of Road Pavements 
(AustRoads). 
 
• A Guide to the Design of New Pavements for Light Traffic – A 
Supplement to Austroads Pavement Design (APRG). 
 
• Sealed Local Roads Manual (arrb). 
 
• VicRoads Guide to Pavement Design – Technical Bulletin No. 37 
(VicRoads).  
 
 
The design of a flexible pavement refers to the process of determining the 
granular material make-up required as a consequence of the load that the traffic 
will apply over the life of the pavement and the support provided by the 
underlying soils. The soils over which the pavement is constructed are referred to 
as the “subgrade” and the strength of a subgrade is usually expressed in terms of 
the California Bearing Ratio (CBR).  
 
While the design of a pavement takes into consideration a vast array of factors 
including such things as the local conditions, climate and site drainage, the 
support provided by the subgrade soils together with the estimated traffic loading 
over the required design life, are considered to have the largest influence on the 
resulting depth of required granular material.  
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The design traffic used for the purpose of designing a pavement is established 
from an estimation of the cumulative volume of commercial vehicle traffic over 
the nominated design period. Commercial Vehicles are vehicles with a gross 
vehicle mass in excess of 3 tonne (APRG, 2001). Each commercial vehicle will 
apply a different load to the pavement depending on such things as the type of 
vehicle, axle configuration and overall loaded weight of the vehicle. It is 
therefore appropriate to express each commercial vehicle type in terms of a 
reference axle load. The reference load is referred to as a “Standard Axle” with 
the definition of the standard axle being a single axle with dual tyres transmitting 
a load of 80 kN to the pavement (APRG, 2001). A commercial vehicle may be 
equal to more or less than one standard axle.  
 
The calculation of the design traffic loading for the design of a flexible pavement 
is undertaken by estimating the cumulative number of commercial vehicles over 
the design period and converting these to an equivalent number of the standard 
axle loads. This is known as the Equivalent Standard Axles (ESAs) and this 
value becomes an important design parameter. 
 
The support provided by subgrade soils can be assessed using a number of 
methods and these include: 
 
• In-situ CBR test. 
• Dynamic Cone Penetrometer test. 
• Laboratory CBR test. 
 
The laboratory CBR test involves compacting a sample of the subgrade soil to a 
density corresponding to the likely density that will occur in the field. The 
strength of the soil is established following soaking of the specimen for a period 
of 4 days typically. Results obtained from field CBR testing in virgin ground 
should be treated with caution as it is likely that the subgrade conditions will 
alter following the construction of a pavement (VicRoads, 1993).  
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Following the determination of the design traffic loading and the assignment of 
the subgrade design strength, the specific design of the required pavement make-
up can be undertaken using either empirical design charts, provided in the above 
mentioned design manuals, or by using the mechanistic procedure. An example 
of an empirical design chart is provided below in Figure 3.4. 
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Figure 3.4 – Typical Pavement Design Chart (Source: APRG, 2001). 
 
 
Empirical design charts have been developed based on experimental data and the 
monitoring of road pavement performance over many years. The charts provide 
the designer with the depth of cover required over a material with a particular 
CBR strength. The pavement make-up is developed by firstly calculating the 
total pavement thickness required to cover the subgrade CBR strength, as a result 
of the traffic loading. The depth of individual layers of proposed overlaying 
pavement materials are optimised by establishing the minimum cover required to 
prevent fatigue of each layer based on the CBR of the particular material. The 
pavement materials typically range from lower quality granular material in the 
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lower layers, through to a minimum depth of high quality material required in the 
upper zone.  
 
The mechanistic design procedure is based on “the structural analysis of a multi-
layered pavement subject to normal traffic loading” (Austroads, 2004). This 
procedure is typically used when cemented materials and/or asphalt layers 
greater than 40 mm in depth are used in the pavement make-up. This method 
requires the elastic characterisation of pavement materials (modulus and 
Poisson’s ratios). The strains that occur as a result of the load applied by the 
traffic, within each of the pavement layers, are analysed and pavement layer 
thicknesses are determined based on a limiting fatigue tolerance. The “Circly” 
computer software program allows rapid modelling of pavements using the 
mechanistic design procedure. Design charts have also been developed for the 
mechanistic procedure and are contained within some of the design manuals.   
 
 
3.6 Past Work on Stabilisation for Pavement Construction 
 
Past experimental work undertaken by both State Road Authorities and private 
testing organisations has considered stabilisation of common crushed rock 
products and natural gravel materials. This work has been used to provide 
pavement designers with presumptive values for the elastic properties of these 
cemented materials in the Austroads pavement design manual (Austroads, 2004). 
This manual however, does not provide guidance when considering the 
stabilisation of natural clay subgrade soils, and designers therefore need to rely 
on experience in their local area or commissioning of testing of stabilised 
samples of the specific subgrade soil type being considered. Tight time 
constraints often placed on the pavement design process can limit the ability to 
initiate the desired experimental testing program.  
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Michael Finlay and Tim Gibney (1987) reported that research undertaken by the 
Swinburne Institute of Technology, established that CBRs of at least 40 % were 
achievable for various soils located across Victoria after stabilising with lime and 
cement. Additive contents ranged from 2 % to 4 % for lime and 3% to 5 % for 
cement. Lime stabilisation has resulted in increases to CBR strength from 3 % to 
20 % and as high as CBR 50 % with follow-up cement treatment according to 
Vido and Vorobieff (2002).  
 
Evans (1997) found that stabilising the high plasticity subgrade soils located on 
the Freestone Creek to Eight Mile Intersection job in Queensland with lime, 
achieved laboratory CBR results as high as 100 % and UCS values of up to     
1.4 MPa. While high strength values can be achieved with laboratory testing, it is 
likely that it would not be appropriate to design a pavement based on subgrade 
strength values of this magnitude.  
 
Evans (1997) reported on two trial stabilisation projects for new pavement 
construction near Warwick, Queensland, undertaken by the Department of Main 
Roads (DMR) in the late 1990s. The Killarney Road trial involved stabilising the 
black clay subgrade soils with quicklime. Test sections were prepared with 
varying application rates between 3% and 6% to allow performance assessment 
of the various trial sections. As part of the trial a control section was left without 
the addition of quicklime. Measurement of the in-situ modulus has commenced 
after a period of 6 months and ongoing measurement is proposed to confirm 
continuing improvement with time.  
 
The second project involved a widening section of the Cunningham Highway,  
13 km east of Warwick. The very high plasticity subgrade soils were stabilised 
with 8 % quicklime. Laboratory testing indicated that considerable improvement 
could be made to these soils through the addition of lime. An unstabilised section 
was also included in the trial to enable a comparison to be made. Assessment to 
date indicates that the pavement is performing well and the initial strength gains 
appear to be permanent.   
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Matthews (1994) reported that a design method developed by R.J. Dunlop, 
Ministry of Works, New Zealand and further developed by M. Finlay and T. 
Gibney, enabled substantial savings in imported granular material following 
stabilisation of low CBR subgrades to form a subbase layer. Matthews provides 
the example of the potential to achieve a 270 mm depth saving of granular 
material where a subgrade soil with a CBR of 3 % is stabilised with lime and 
cement to produce a subbase with strength CBR 40 %.   
 
Metcalf measured the increase to the unconfined compressive strength of three 
different soil types when stabilised with various amounts of cement. A sandy 
gravel, silty clay and sandy clay material was used in the experimental testing 
and the results have been reproduced and are shown in the Figure 3.5 below 
(AustStab, n.d.). 
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Figure 3.5 – The effect of cement content and soil type on the UCS of cement stabilised samples 
(Source: AustStab n.d.)  
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Vorobieff and Murphy (2003) noted that many local government roads in 
Victoria and NSW that have been constructed with initial lime stabilisation of the 
subgrade soils continue to perform well. It is however acknowledged that there is 
little documentation of the design and construction of these roads from which 
better evaluation of the specific performance could be assessed. 
 
Pardo (n.d.) reported that the Local Government Authority for Berwick (SE 
Melbourne) has issued a pavement design guide for its local roads. Subgrades 
generally consist of Silurian silty clays through to Quaternary silts, sands and 
clays of medium to high plasticity. The design guide stipulates subgrade 
improvement as a compulsory measure for all new road construction due to 
variable and poor strength properties of subgrade soils in the region. It was 
acknowledged that the most economical method of subgrade improvement in the 
area has proven to be chemical stabilisation. Lime and Lime/Cement blends have 
provided good results to date. 
 
Lime stabilised subgrades have been used by the Ipswich City Council for more 
than 20 years with excellent results as noted by Evans, Smith and Vorobieff 
(n.d.). The technique was used as a substitute for pavement material with an 
absence of naturally occurring suitable pavement material within the municipal 
boundaries. It was also acknowledged that Queensland Main Roads has trialled 
lime stabilisation of subgrade soils extensively as part of pavement construction; 
however, the road authority currently provides no recognition of any 
improvement to subgrade strength where lime stabilisation of subgrades is 
undertaken.  
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3.7 Test Methods Used For Assessing Potential Strength Gain 
through Stabilisation of Soils 
 
Discussions with both VicRoads personnel and private engineering consultants 
involved with pavement investigation and design, confirmed that the California 
Bearing Ratio (CBR) test and Unconfined Compressive Strength (UCS) test are 
common testing methods used for assessing the strength gain to materials 
through stabilisation. It was, however, suggested that that the effectiveness of 
UCS testing may be limited by the relatively low range of compressive strength 
values that are likely to result when stabilising natural clay soils. VicRoads 
usually only considers the CBR test when assessing the subgrade soil strength 
either in a natural state or modified through stabilisation. Inclusion of testing the 
stabilised soils for shrinkage and capillary rise properties was also a 
recommendation provided as part of these discussions.  
 
The “Selection of Stabilisation Methods for Roadworks” (AustStab, n.d.) 
seminar notes recommend that the UCS test is a relatively low cost and 
inexpensive test that provides reliable results for stabilisation of materials. It also 
notes that the RTA test method provides greater detail concerning the sample 
preparation and curing in comparison to AS 1141.51.  
 
The joint VicRoads and AustStab Technology Transfer Seminar notes (VicRoads 
& AustStab, 2001) confirm that the unconfined compressive strength forms a key 
design criterion when estimating the modulus for use in the mechanistic 
pavement design method. 
 
VicRoads provides Code of Practice RC 500.23 (VicRoads, 2002) that outlines a 
procedure for assigning a CBR to Lime stabilised earthworks. This method 
involves calculating the mean of the lowest two CBR test values from a set of 
three tests undertaken on stabilised samples. The average CBR is then divided by 
3 and this becomes the assigned CBR strength for the stabilised soil.   
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3.8 Selection of Stabilising Additives 
3.8.1  Selection based on Classification Testing 
 
The selection of the most suitable stabilising additives for use with a particular 
soil type can be based on the consideration of a number of aspects including the 
climate and drainage conditions, parent soil properties and the estimated traffic 
loading.  The preliminary selection of a method of stabilisation of a soil is 
commonly based on the particle size distribution and Atterberg limits of the soil. 
Establishment of the percentage of material passing the 0.075 mm sieve along 
with the plasticity index of the soil allows suitable methods of stabilisation to be 
selected from a chart provided by Austroads (Austroads, 1998). This chart has 
been reproduced below (Figure 3.6). Austroads notes that this should be taken as 
a broad guide only. 
 
 
 More than 25% Passing 75µ m Less than 25% Passing 75 µ m 
Plasticity 
Index 
PI≤  10 10 < PI < 20 PI ≥  20 
PI≤  6 
PI x % 
passing   
75µ m≤ 60 
PI≤  10 
 
PI ≥  10 
Form of 
Stabilisation 
      
Cement & 
Cementitious 
Blends 
      
       
Lime       
       
Bitumen       
       
Bitumen /     
Cement 
Blends 
     
       
Granular       
       
Miscellaneous 
Chemicals 
      
       
Key Usually 
suitable 
 Doubtful  Usually 
not 
Suitable 
 
 
Figure 3.6 – Guide to selecting a method of Stabilisation (Source: Austroads 1998). 
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An alternative guide is provided by AustStab (1998) to allow the selection of 
appropriate binders for initial laboratory testing (Figure 3.7). The use of this 
chart requires plasticity and sieve analysis testing to be undertaken on the parent 
material to enable classification. 
 
Binder 
Classification 
Crushed 
Rock 
Well 
graded 
gravel 
Silty / 
clayey 
gravel 
Sand 
Sandy / 
silty clays 
Heavy 
clays 
 
GP Cement          
GB Cement        
Cementitious Blends       
Lime       
Lime & Cement       
Lime & Flyash       
Bitumen       
Bitumen/Cement       
Insoluble polymer       
 
 Usually  
very suitable 
 Usually 
satisfactory 
 Usually not 
suitable 
 
Figure 3.7 – Typical combinations of binders with soil types (Source: AustStab). 
 
 
The AustStab seminar notes provide general guidance in the selection of 
appropriate binders that may be suitable with different soil types and rates their 
suitability from not suitable through to very suitable. Information provided in the 
chart suggests that the use of GP Cement, GB Cement and Lime are considered 
suitable for use with sandy and silty clays however GP Cement is not usually 
suitable for use with heavy clays. 
 
A paper by Tom D. Wilmot (n.d.) provides a similar table with guidance on the 
suitability of various stabilising binders with particular soil types. 
 
While these charts help the pavement designer to select an appropriate stabilising 
additive based on a particular soil type, experimental testing is still required to 
ascertain the potential strength gain associated with the use of this additive.  
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3.8.2  Selection with Consideration of Maximum Working Times 
 
The selection of an appropriate stabilising additive to be used as part of 
pavement construction requires the consideration of the available working times 
associated with the application of particular binders. The addition of General 
Purpose cement can offer only very limited working times (typically 2 to 3 
hours) while blended cements can increase the available working time in some 
cases to around 5 hours. Slower setting binders such as slag/lime provide a 
contractor with up to 12 hours in the winter period and the use of lime can extend 
the workability time for the stabilised soils considerably. 
 
VicRoads provide guidance with respect to the maximum allowable working 
times following mixing with various additives. The time limits are contained 
within Table 307.053 of the VicRoads Standard Specifications for Roadworks 
and Bridgeworks (VicRoads, 2003) and this table has been reproduced below 
(Table 3.1). 
 
 
Maximum Allowable Working 
Time (hours) 
Cementitious Binder 
Construction 
between 
October and 
April 
Construction 
between May 
and 
September 
Rapid Setting 
Type GP Cement 
2 3 
Medium Setting 
Type GB Cements 
Cement/Slag blend (50% to 60% cement content) 
Cement/Fly ash blend (70% to 80% cement content) 
Cement/Slag/Fly ash blend (55% to 65% cement content) 
3 5 
Slow Setting 
Slag/Lime blends and other supplementary 
Cementitious Blends 
8 12 
 
Lime (Hydrated and Quicklime) 
 
12 24 
Table 3.1 – Maximum Allowable Working Times following mixing with Cementitious Binders  
(Source: VicRoads, 2003). 
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3.9 CBR and UCS Testing to Establish Modified Design 
Subgrade Strengths 
 
Austroads “Pavement Design - A Guide to the Structural Design of Road 
Pavements” (Austroads, 2004) and “VicRoads Guide to Pavement Design - 
Technical Bulletin No.37” (VicRoads, 1993) both state that subgrade materials, 
even when stabilised, should not generally be assigned a CBR value greater than 
15 %. It is anticipated that even when applying this maximum limit to the CBR 
value for stabilised soils, elevation of the natural soil CBR strength from typical 
values of between 2 % and 5 % (based on previous testing of many soils across 
the region by B.M Consulting Engineers) is likely to provide some reduction to 
the depth of required overlaying granular material.  
 
While it can be difficult to measure the flexural Modulus of natural and 
cemented materials, required for use in the mechanistic design procedure, 
Austroads provides an approximation of the Vertical Modulus based on a CBR 
value (Austroads, 2004).  
 
Vertical Modulus (MPa) = 10 x CBR 
 
Approximate Modulus correlations based on the 28 day UCS test values are also 
provided for cemented crushed rock and natural gravels. 
 
E FLEX  (MPa) = k UCS 
 
With k values ranging from 1000 to 1250 typically for GP cements.  
 
Pavement Design charts are provided for both subgrade Modulus values and 
CBR values in the Austroads pavement design manual.  
 
 
 
   28
Work by Little has produced the following suggested relationship between 
Unconfined Compressive Strength (UCS) and Resilient Modulus for lime 
stabilised subgrade materials (Little, 1998). 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 – Relationship between UCS and Resilient Modulus for lime stabilised materials 
(Source: Little, 1998). 
 
 
3.10 Cementitiously Stabilised Material Categories 
 
Austroads divides cementitiously stabilised materials into two broad categories 
(Austroads, 1998). 
 
• Modified Materials 
 
A modified material refers to a material that has been stabilised with only small 
amounts of cementitious additives and Austroads suggest that these materials are 
normally treated as unbound granular material for pavement design purposes 
(Austroads, 1998).   
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• Bound Materials 
 
A bound material results when sufficient cementitious binder is combined with 
the material to cause a substantial increase to the stiffness and tensile strength of 
the stabilised layer. Depending on the degree of enhancement to these properties, 
the material may be further categorised as Lightly Bound and Heavily Bound. A 
bound material is treated differently when compared to an unbound material for 
pavement design purposes.  
 
Austroads provides the following table (Table 3.2) with typical material 
properties for each of the material type categories explained above (Austroads, 
1998). 
 
 
Material Type 
Layer Thickness 
(mm) 
Design Strength 
(MPa) 
Design Modulus 
(MPa) 
Modified 
Applicable for any 
thickness 
UCS  ≤  1.0 ≤1500 
Lightly Bound Generally≤ 250mm 
UCS: 1 – 4 
(7 day strength:  
1 – 7) 
1500 – 2000 
 
Heavily Bound 
 
Generally > 250mm UCS ≥  4 2000 – 20,000 
Table 3.2 – Typical Properties of Modified, Lightly-Bound and Heavily-Bound Materials 
(Source: Austroads, 1998). 
 
 
The Austroads Pavement Reference Group pavement design guide (APRG, 
2001) recommends that where a subgrade is stabilised to produce an improved 
material, the stabilised material is considered (for design purposes) as unbound 
granular material with its assigned CBR. Unbound materials are considered to be 
cross-anisotropic and their stiffness is stress dependant (APRG, 2001). 
 
The joint VicRoads and AustStab Technology Transfer Seminar notes (VicRoads 
and AustStab, 2001) advises that where the CBR of lime stabilised soil is less 
than 60%, the layer is likely to behave as an unbound material. 
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3.11 Stabilising Additive Trial Application Rates 
 
Additive rates of between 2 % and 4 % are usual with economic consideration 
(ARRB, 1995).  It is however noted that stabilising can be undertaken with 
application rates ranging between 1 % and 6 %. 
 
Discussions with personnel at Blue Circle Southern Cement established that 
typical stabilising binder application rates vary between 1.0 % and 4.5 %. 
Generally chemical binders are applied at relatively low rates of between 1 % 
and 2 % with lime and cementitious additives applied at rates of between 2 % 
and 4 %. 
 
 
3.12 Strength Test Curing Periods 
 
The standard curing period for UCS testing on stabilised samples is 28 days. 
With limited time usually available for strength testing of stabilised material, a   
7 day UCS test incorporating accelerated curing is being used by some testing 
organisations. This test can however produce poor repeatability results 
(AustStab, n.d.). 
 
The standard 28 day UCS test may not be considered appropriate when used for 
materials stabilised with slower setting binders such as lime, slag and/or fly ash 
(AustStab, n.d.). It is suggested that curing times of up to 90 days may be more 
appropriate.  
 
VicRoads personnel confirmed that a 4 day soaking period was the preferred 
curing period adopted by VicRoads for CBR testing on both natural and 
stabilised materials. While longer soaking periods are used by other 
organisations, VicRoads maintains that the use of the standard 4 day soaking 
period for stabilised materials allows direct comparison with test results for the 
natural soil strength.    
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3.13 Stabilisation Methods 
 
Stabilisation methods used in pavement construction fall into the following 
broad categories: 
 
• Cementitious Stabilisation 
• Lime Stabilisation 
• Bituminous Stabilisation 
• Granular Stabilisation 
 
 
3.13.1   Cementitious Stabilisation 
 
Cementitious stabilisation refers to stabilisation that is undertaken using cement 
or supplementary cementitious materials. Supplementary cementitious materials 
are formed when fly ash, blast furnace slag or other pozzolanic materials are 
mixed with lime. The primary reaction of cementitious stabilising agents is the 
reaction with water (contained in the soil) which leads to the formation of 
cementitious material. The reactions occurring do not depend on the nature of the 
soil and can be suitable for use with cohesionless materials such as gravels, 
sands, silts and low plasticity clays. 
 
 
3.13.2  Lime Stabilisation 
 
Lime may be referred to as a cementitious material when it is mixed with 
pozzolans. However when lime is the primary additive, the reaction with the soil 
is quite different from that occurring when a cementitious binder is used. Lime 
reacts with the natural pozzolans contained within the soil and the success of 
lime stabilisation is dependant on the soil type.  
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Figure 3.9 – Lime stabilisation in road construction. 
 
 
3.13.3  Bituminous Stabilisation 
 
Bituminous stabilisation is a form of stabilisation where bituminous materials are 
used to introduce cohesion in non-plastic materials. 
 
 
3.13.4  Granular Stabilisation 
 
Granular stabilisation is the process of improving a material by blending it with 
other granular materials. This can improve the particle size distribution and alter 
the plasticity of the original material. 
 
Bituminous and granular stabilisation will not be considered further.  
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3.14 Stabilisation Binders 
 
While cement and lime have traditionally been the most common stabilising 
binders used in Australia, a number of cementitious blends have been introduced 
since the 1990s. These blends have allowed greater working times in the field, 
when compared to ordinary Portland cement and have also helped to reduce the 
problems associated with shrinkage cracking. The stabilising additives now 
available for use in pavement construction and pavement rehabilitation work are 
numerous and may be categorised as follows: 
 
• Lime – hydrated lime or quicklime 
• General purpose Portland cement 
• Blends incorporating supplementary cementitious material 
• Bituminous 
• Chemical stabilisation 
 
 
3.14.1 Lime 
 
AustStab describes lime as an effective additive for plastic soils improving both 
workability and strength (AustStab, 1998). Lime is used to modify clay soils and 
the two common forms of lime used in stabilisation are hydrated lime (calcium 
hydroxide) Ca(OH) 2  and quicklime (calcium oxide) CaO. Lime stabilisation is a 
two-part process. Lime causes the agglomeration of the fine clay particles into 
coarse, friable particles through ion exchange immediately following addition of 
the additive. A secondary cementing process occurs as the remaining free lime 
reacts with silica or alumina in the soil to form calcium aluminates or silicates. 
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3.14.2 General Purpose Portland Cement 
 
General purpose cement is described in AS3972 as “a hydraulic cement which is 
manufactured as an homogeneous product by grinding together Portland cement 
clinker and calcium sulphate, and which, at the discretion of the manufacturer, 
may contain up to 5 % of mineral additions”. Portland cements consist of 
carefully proportioned mixtures of calcium carbonate, alumina, silica, and iron 
oxide which, when calcined and sintered at high temperatures, give a new group 
of chemical compounds capable of reacting with water to form cementitious 
compounds (Cement and Concrete Association of Australia & Standards 
Australia, 2002).  Cement hydrates in the presence of water to form hydrated 
silicates and aluminates and calcium hydroxide. 
 
Cement also has a two-stage process. Hydration occurs almost immediately after 
mixing with water and the secondary cementation reaction takes place as the 
free-lime is diffused through the soil (AustStab, n.d.). 
 
According to Austroads (Austroads, 1998), stabilisation with cement provides 
two important effects on the behaviour of soils: 
 
• It greatly reduces the moisture susceptibility of some soils, giving 
enhanced volume and strength stability under variable moisture 
conditions. 
 
• It can cause the development of interparticle bonds in granular materials, 
endowing the stabilised material with tensile strength and high elastic 
modulus. 
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3.14.3 Supplementary Cementitious Materials 
 
In recent years the blending of binders for use in stabilisation has become 
popular. The combination of such products as fly ash, blast furnace slag or other 
pozzolanic type materials with cement and lime have produced additives that 
provide an increased working time, reduction to the potential for shrinkage 
cracking and cost saving through the use of similarly performing by-products. 
Blends utilising fly ash, slag and lime can achieve working times of up to 4 times 
that of GP cement (AustStab, n.d.). 
  
 
3.14.4 Pozzolans 
 
Austroads describes a pozzolan as a “siliceous or alumino siliceous material that, 
in finely divided form and in the presence of moisture, chemically reacts at 
ordinary room temperature with calcium hydroxide released by the hydration of 
Portland cement or lime to form compounds possessing cementitious products” 
(Austroads, 1998). 
 
 
3.14.5 Ground Granulated Blast Furnace Slag (GGBFS) 
 
Ground Granulated Blast Furnace Slag is a pozzolanic by-product of the iron 
manufacturing process and is commonly known as slag.  Granulated Blast 
Furnace Iron Slag is formed by adding high pressure water to molten slag. Water 
causes the molten slag to explode, forming granulated particles. Grinding this 
material produces Ground Granulated Blast Furnace Slag. While Ground 
Granulated Blast Furnace Slag will act as a slow-setting hydraulic cement by 
itself, it does react very well with lime and is therefore a good pozzolanic 
material. Lime can be simply added to the slag or alternatively lime is obtained 
as a consequence of the hydration process of GP cement. A minimum of 20 % 
GP cement or 10 % hydrated lime is required to activate the slag. While slag and 
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lime can be combined in various proportions, the most common form of 
slag/lime is 85:15 which contains 85 % slag and 15 % lime.  
 
 
3.14.6 Fly Ash 
 
Fly Ash is the fine ash that is produced when coal is burnt in a pulverized fuel 
furnace. The most suitable fly ash is formed as part of power generation where 
black coal is burnt. This fly ash is high in silica and alumina and low in calcium 
and carbon. Fly ash produced in Australia is a pozzolan and may be combined 
with lime to form supplementary cementitious materials (Austroads, 1998). 
 
A common form of a blend that incorporates supplementary cementitious 
materials is a product called Triple Blend. This additive is made up of 60 % 
General Purpose Cement, 24 % slag and 16 % fly ash. 
 
 
3.14.7 Chemical Binders 
 
There are many chemical binders that may be suitable for use in certain 
situations. One form of chemical stabilisation is the application of polymer 
additives to soils. Dry powdered polymers are used to provide the soil with water 
repelling properties that facilitate retention of the soils dry strength.  Water 
within a soil provides lubrication of the particles and allows a softening as the 
particles slide relative to each other when a load is applied (i.e. wheel load). 
Polymers create a hydrophobic soil matrix between the particles that results in a 
reduction to the permeability of the soil and restricts water entering the pores. 
The polymer is strongly attracted to clay and silt particles, providing an internal 
waterproofing of the fine-grained particles.  
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H 2Off is an example of a polymer used in stabilisation for road construction. 
H 2 Off is a hydrophobic Dry Powdered Polymer (DPP) and is manufactured 
from selected alkali flocculants and water repellent (hydrophobic) additives 
(Blue Circle Southern, 2005). As the strength of a soil normally reduces as it 
becomes wet, H 2 Off has been designed to resist the ingress of water and 
maintain the dry strength of the soil. H 2 Off is not a cementitious binder or a 
polymer adhesive and is therefore different from the other stabilising additives 
already mentioned. According to the manufacturer, the intended aim of 
stabilising with H 2 Off is to maintain the dry strength of the soil as opposed to 
increasing the materials strength as is the case with the use of other additives. 
 
Improvement of the soil through stabilisation with H 2 Off is through increasing 
the ability of the soil to repel water. This is achieved by reducing the number of 
pores and minimising the number of capillaries through which water can travel. 
Clay particles are normally negatively charged and are shaped like plates. The 
negative forces tend to push the plates apart, allowing water to fill these pores.  
H 2 Off contains a mixture of alkalis that provide positive ions to the plates, 
neutralising the negative charge. This allows the plates to lie flat on top of each 
other and therefore reducing the number of pores between. 
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Chapter 4: Methodology 
 
 
The final body of practices that forms the overall project methodology has been 
arrived at following discussions with experienced personnel working within or 
having had an association with the field of stabilisation in pavement 
construction. My personal research findings from previous experimental work 
have also been drawn upon. The testing procedures adopted for the experimental 
works are from Standards Australia test methods and are well recognised by 
State Road Authorities and private soils testing organisations.  
 
An outline of the project methodology is provided below: 
 
• Select sampling site locations. 
 
• Sample representative soils from study area. 
 
• Prepare and undertake initial classification testing. i.e. plasticity and 
particle size distribution testing. 
 
• Conduct characterisation testing to further differentiate each of the soils. 
 
• Establish the maximum dry density and optimum moisture contents for 
the soils. 
 
• Select stabilisation additives for experimental testing. 
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• Undertake strength testing of stabilised soils. i.e. CBR and UCS testing. 
 
• Undertake capillary rise, swell and absorption testing. 
  
• Analyse testing results to establish suitable stabilising additives for each 
of the soil types and appropriate design strengths for pavement design 
purposes. 
 
• Analyse the benefits of incorporating stabilisation of the subgrade soils 
into new flexible pavement construction in the Goulburn Valley. Design 
new flexible pavements for typical light trafficked conditions, 
considering both the natural subgrade strength of the soils and 
alternatively the stabilised strength. Calculate the savings in subbase 
material when incorporating stabilisation of the subgrade in new 
pavement construction. 
     
 
Prior to undertaking the field and laboratory experimental work, all safety issues 
associated with the execution of the project have been considered and a risk 
management assessment has been undertaken to ensure the minimisation of 
potential hazards. A risk assessment analysis is provided in Appendix B. 
 
The following provides detail of the adopted methodology for the project work.  
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4.1 Soil Sampling 
4.1.1 Location of Sampling Sites 
 
A total of five different soil types have been sampled from the Goulburn Valley 
region. The sampling depth has been limited to the upper soil stratum at each of 
the locations as this is considered to be the material most likely to be regarded as 
the “subgrade” when constructing a new pavement. The sample site locations 
were selected based on previous experience of the soil types located across the 
region together with guidance from geological maps.  
 
4.1.2 Sampling Method 
 
The soil samples were obtained using a mechanical drill fitted with a 300 mm 
diameter continuous flight auger. The sampling extended to a depth that 
corresponded to the change to a different soil type and this was generally at 
around 750 to 800 mm below the surface, with a maximum depth of 1000 mm in 
one of the sampling bores. The location of each test site was identified using the 
name of the adjacent road and the general district in which the test hole was 
positioned. The global coordinates were also recorded at each site using a hand 
held geographical positioning system instrument. The upper and lower sample 
depths were recorded to the nearest 50 mm.   
 
A number of sampling holes were drilled to obtain approximately 250 kg of 
material from each test site. Care was exercised when drilling to ensure the soil 
sample was not contaminated with the overlaying topsoil or differing soil located 
below the sampling stratum. The sampling of the disturbed soils was performed 
in accordance with AS 1289.1.1 and AS 1289.1.2.1 test procedures. The drilling 
rig used for the sampling of the various soil types is shown below in Figure 4.1. 
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Figure 4.1 – Mechanical Drill used for the sampling of soils. 
 
 
4.2 Sample Preparation 
 
The total soil sample from each individual site was combined and passed through 
a soil grater to reduce the soil clods to a size less than 10 mm. The soil was then 
split into representative samples and each sample was stored in an air-tight 
container until required for testing.  
 
As soil was required for preparation of particular tests, sub-samples were split 
from the stored soil samples using a riffle box. The sample preparation for each 
of the test methods was undertaken in accordance with AS1289.1.1 and 
AS1289.1.2.1. 
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4.3 Soil Classification Testing 
 
As noted earlier, the AS1726-1993 Geotechnical Site Investigations code, 
includes a system of classification that provides a means of describing a soil 
based primarily on the particle size distribution and plasticity of a soil. This 
system is similar in nature to the Unified Classification System and provides a 
common means of describing the characteristics of a soil for engineering 
purposes. This method of classification has been chosen to classify each of the 
soil types using the results of plasticity analysis and particle size distribution 
testing. Table A1, provided in AS1726, has been referred to when establishing 
each of the classifications. The classification testing has allowed an initial 
identification of the soils to ensure a range of different soil types have been 
considered and that possible future sampling of soils could be readily compared 
through relatively simple testing procedures.  
 
 
4.3.1 Atterberg Limits 
 
The plasticity of a soil often provides an approximate guide to the amount of clay 
within a soil. Generally speaking, a higher plasticity soil contains a higher 
percentage of clay. The plasticity is related to the clay mineral content or organic 
matter and can be established by determining the Atterberg limits through 
plasticity analysis testing. This testing involves determining the liquid limit, 
plastic limit and the linear shrinkage of a soil. The Liquid Limit and Plastic Limit 
are referred to as the Atterberg Limits, named after a Sweedish Scientist who 
first used them. The difference between the liquid limit and plastic limit of a soil 
is known as the plasticity index and this property is commonly used when 
describing a soil for engineering purposes. 
 
The plasticity analysis testing undertaken on each of the soils included the 
determination of the Liquid Limit, Plastic Limit, and Linear Shrinkage. The 
Plasticity Index has been calculated from the Liquid Limit and Plastic Limit. The 
testing was undertaken in accordance with the following test methods: 
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• Determination of the Liquid Limit of a soil – One point Casagrande 
method - AS1289.3.1.2 
 
• Determination of the Plastic Limit of a soil – Standard method  
- AS1289.3.2.1 
 
• Calculation of the Plasticity Index of a soil -  AS1289.3.3.1 
 
• Determination of the Linear Shrinkage of a soil – Standard method           
- AS1289.3.4.1 
 
 
4.3.1.1  Liquid Limit 
 
The Liquid Limit is the water content at which a soil passes from the plastic to 
the liquid state (AS 1289.3.1.2, 1995). This occurs when the groove that has 
been scribed in the soil-water mixture, closes over for a length of 10 mm, when 
subjected to 25 blows in the liquid limit apparatus.   
 
The liquid limit test is performed on the portion of the soil that passes a       
0.425 mm sieve and has been air-dried or alternatively oven dried at between 
45 o C and 50 o C. A sample of material is initially taken from the portion of soil 
passing the 2.36 mm sieve and rubbed down using a mechanical mortar and 
pestle. The material is then sieved through a 0.425 mm size sieve and the 
material passing the sieve is collected and wet-up to a moisture level estimated to 
be close to the liquid limit of the soil. The soil-water mixture is then covered and 
cured for a period of 12 hours.  
 
Following the curing period, the soil-water mixture is thoroughly mixed and a 
small portion of the mixture is placed in the cup of the liquid limit apparatus 
shown in Figure 4.2. A groove is scribed in the soil-water mixture using a 
grooving tool and the mixture is then subjected to repeated blows until the 
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groove closes over for a length of 10 mm. The moisture of the soil-water mixture 
is varied and retested until the closure of the groove occurs with around 25 
blows. A small sample is taken from the mixture and the moisture content is 
measured by weighing the sample before and after drying to a constant mass. 
The calculated moisture content becomes the Liquid Limit of the soil.  
 
Alternatively, the test may be performed, by recording the moisture content and 
corresponding blow counts for a range of points to either side of 25 blows. A 
best-fit line is drawn between the points that have been plotted on a log scale and 
the moisture content corresponding to 25 blows is then read.   
  
 
 
Figure 4.2 – Liquid Limit machine used for determining the Liquid Limit of soils. 
 
 
4.3.1.2  Plastic Limit 
 
The plastic limit of a soil is the lowest moisture content at which the soil remains 
plastic. It may also be referred to as the limit between the plastic state and the 
semi solid state of a soil. The plastic limit is established by rolling a thread of 
soil by hand on a glass plate until it starts to crumble when at a diameter of         
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3 mm. The moisture content at which this occurs is known as the Plastic Limit of 
the soil.  
 
The soil used in this test is also from the portion of material passing a 0.425 mm 
sieve and is prepared in a similar manner to that for the liquid limit test. The soil 
is however, only wet-up to a moisture level estimated to be slightly higher than 
the plastic limit. The moist soil sample is also cured for a period of at least 12 
hours prior to performing the test. Following the curing period, the ball of soil is 
worked in the hands or rolled over a glass plate to reduce the moisture content. 
Smaller samples are taken and rolled in a thread on a glass plate until the thread 
begins to crumble when at a diameter of 3 mm. The sample is further dried or 
wet-up until crumbling can be achieved at a thread diameter of 3 mm. The 
crumbs are weighed and dried to constant mass to allow the determination of the 
moisture content. This moisture content is known as the plastic limit of the soil. 
 
 
 
Figure 4.3 – Determining the Plastic Limit of soils. 
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4.3.1.3  Plasticity Index 
 
The plasticity index provides an indication of the level of plasticity of a soil and 
is commonly used when describing the properties of a soil. The index is the 
difference between the Liquid Limit and the Plastic Limit of a soil, expressed as 
a percentage. 
 
 
4.3.1.4  Linear Shrinkage 
 
The linear shrinkage test is used to determine the shrinkage of a soil when dried 
from the liquid limit moisture content. It provides an indication of the change to 
the volume of a soil as the soil dries and the extent of cracking that occurs as a 
result of this. An illustration of this test is provided in Figure 4.4 below. 
 
This test is undertaken on soil that has been prepared following the same 
procedure used to prepare the liquid limit test. The sample used for the linear 
shrinkage test is normally obtained from the soil-water mixture when the liquid 
limit moisture content is achieved as part of the liquid limit test. The soil-water 
mixture used in the linear shrinkage should be at a moisture level that results in a 
closure of the groove at 25 ±  3 blows in the liquid limit machine. 
 
The wet soil is placed into a trough shaped mould and the entrapped air is 
removed from the soil by tapping the base of the mould. Further soil is added to 
slightly overfill the mould and the surface is levelled with a palette knife. The 
soil is then allowed to dry at room temperature for 24 hours and then dried in an 
oven at between 105 o C and 110 o C until shrinkage of the soil ceases. The 
amount of longitudinal shrinkage is measured and the linear shrinkage for the 
soil is expressed as a percentage of the original length of the wet sample.  
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Figure 4.4 – Linear Shrinkage of a soil. 
 
 
4.3.2 Particle Size Distribution 
 
The particle size distribution of each soil has been established by undertaking 
both a sieve analysis test and a sedimentation test using a hydrometer for the 
determination of the silt and clay fraction. The testing has been carried out in 
accordance with the following test methods: 
 
• Determination of the Particle Size Distribution of a soil – Standard 
method of analysis by sieving - AS1289.3.6.1. 
 
• Determination of the Particle Size Distribution of a soil – Standard 
method of fine analysis using a hydrometer - AS1289.3.6.3. 
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The particle size distribution test establishes the proportions of different particle 
sizes that are contained within a soil. This allows the percentages of gravel, sand, 
silt and clay to be determined. The sieve analysis test can be used to determine 
the range of particle sizes down to a size of 0.075 mm. This test is limited to 
establishing a combined silt and clay fraction based on the proportion of particles 
passing the 0.075 mm sieve. A hydrometer method must be used to distinguish 
the clay and silt fraction.  
 
 
4.3.2.1  Sieve Analysis 
 
The sieve analysis test is undertaken by slitting off a representative sample of the 
soil of a mass appropriate to the maximum particle size. When considering fine-
grained soils the sample is initially dried to constant mass and the sample mass is 
recorded. The soil is washed over a 0.075 mm sieve and the retained material is 
dried to constant mass. The sample is then transferred to a nest of sieves as 
shown in Figure 4.5 and placed in a shaker for a time that ensures all particles 
fall to the sieve aperture size that is just less than the particle diameter. Each of 
the sieves is removed in turn and the mass of the retained material is recorded. 
 
The retained proportions of material existing between the various sieves are then 
expressed as a percentage of the original sample mix. The material collected in 
the pan (i.e. passing the 0.075 mm sieve) is added to the amount of soil 
originally removed in the washing process and this becomes the total proportion 
of the sample passing the 0.075 mm sieve and makes up the combined silt and 
clay fraction. The calculated percentage of sample passing each of the standard 
sieve sizes is tabulated as part of the particle size distribution report. 
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Figure 4.5 –  Nest of sieves used for the determination of the Particle Size  
Distribution of soils. 
 
 
4.3.2.2  Hydrometer Sedimentation Test 
 
A method of fine analysis using a hydrometer has been carried out to determine 
the particle size distribution of the material passing the 0.075 mm sieve. This 
method requires that a representative 50 g sample of the material, passing the 
2.36 mm sieve, be soaked in 100 mL of dispersing agent overnight. The solution 
is then stirred using a mechanical dispersion device and washed over a 0.075 mm 
wash sieve. The sand particles retained on the sieve are collected, dried and 
weighed, and the mass of this material is expressed as a percentage of the total 
sample. This becomes the sand fraction.  
 
The washings (i.e. material and water passing the 0.075 mm sieve) are collected 
and poured into a 1 L glass measuring cylinder. The cylinder is then topped up to 
the 1 L mark using distilled water. This makes the suspension that is then used in 
the sedimentation analysis. 
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Figure 4.6 –  Hydrometer sedimentation test used to determine the 
silt and clay fractions of a soil. 
 
 
The sedimentation analysis commences with the shaking of the 1 L solution in 
the measuring cylinder for a time of 1 minute. The cylinder is then immediately 
placed on a level bench and a stop-clock is started. A hydrometer is immersed 
into the solution and readings are taken after a period of 0.5, 1, 2 and 4 minutes. 
The hydrometer is removed and then re-inserted in the suspension to take 
readings at 8, 15 and 30 minutes and 1, 2 and 4 hours with the hydrometer being 
removed between each reading.  The final reading is taken at a time of 48 hours 
after the commencement of the sedimentation analysis. The temperature of the 
solution is recorded along with each of the hydrometer readings. 
 
It is also necessary to determine the soil particle density as part of the fine 
analysis of the particle size distribution. The particle density is found by a 
method of water displacement in a vessel of known volume. A 200 g dry sample 
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of the material, passing a 2.36 mm sieve, is placed in a conical flask that has 
been previously weighed. Distilled water is added and the flask is filled to the 
known volume mark at 500 mL. A vacuum pump is used to extract entrapped air 
from the solution. The solution is topped up to exactly the 500 mL graduation 
mark and the total mass of the flask, water and soil is measured. The volume of 
the soil can then be calculated and the particle density is determined by dividing 
the soil mass by the soil volume (i.e. Density = Mass / Volume). 
 
The particle size distribution using the sedimentation process is based on the 
speed at which the particles settle out in the solution. The effective particle 
diameter is calculated using Stoke’s Law. 
 
 
v   =   
8.1
g
  x  
µ
ρρ ws −   x  (D 2  x  10 4− ) 
 
 
where 
v  =    terminal velocity, in millimetres per second 
g  =    gravitational acceleration, in metres per second squared 
sρ  =    soil particle density, in grams per cubic centimetre 
wρ  =    density of water, in grams per cubic centimetre 
µ   =    dynamic viscosity of water, in megapascal second 
D  =    particle diameter, in micrometres 
 
 
The hydrometer readings are used to calculate a range of particle sizes between  
0 mm and 0.075 mm and the corresponding percentages of the sample that are 
larger and smaller than each of these sizes. From this, the silt fraction is 
calculated as the percentage of the sample that falls between 0.004 mm and 
0.075 mm. The silt fraction can alternatively be limited to a maximum diameter 
of 0.063 mm. The remaining portion of the sample is the clay fraction and 
includes the particle sizes between 0 mm and 0.004 mm.  
   52
4.4 X-Ray Fluorescence and Diffraction Testing 
 
X-ray Fluorescence Spectroscopy (XRF) testing and X-ray Diffraction (XRD) 
testing provides a means of further identifying the type and make-up of soils. 
This includes the determination of the elemental composition and crystal 
structure of the soil and offers an assessment of the clay types (and percentages) 
present. It is likely that this characterisation of the soils may provide information 
that will assist in the analysis of specific soil improvement as a consequence of 
stabilisation and will also allow relatively accurate identification of similar soils 
that may be used in future investigation work. 
  
 
4.4.1 X-ray Fluorescence Spectroscopy (XRF)  
 
X-ray Fluorescence Spectroscopy (XRF) testing has been undertaken to 
determine the percentage of different elements that make up each of the soils. 
The results of this testing provides a means of discriminating between each of 
the soils. This testing is carried out by combining a small sample of the soil with 
a fluxing agent. Heat is applied producing a glass bead, which is then hit with X-
rays, exciting electrons contained within the sample. The percentage of each 
element present in the soil is determined through measurement of the X-rays that 
are emitted.  
  
 
4.4.2 X-ray Diffraction (XRD)  
 
X-ray Diffraction (XRD) testing has been conducted to enable the determination 
of the crystal structures present in the soil. With X-ray Fluorescence (XRF) 
testing confirming quite similar element make-up for all five soils used in the 
experimental work, it was considered appropriated to carry out XRD testing on 
one of the soil samples only. XRD testing has been undertaken on Soil No.1 
(Katandra). The determination of the crystal structures present in the soil allows 
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the percentages of the different clay types to be identified. This test involves 
hitting a powdered sample with neutrons. The angle and number of neutrons that 
are deflected are measured and this information is analysed using an iteration-
based computer program (SIROQUANT) to determine the crystal structures 
present. 
 
 
4.4.3 LECO Carbon Analysis 
 
LECO Carbon Analysis testing is used to determine the amount of organic matter 
that is present in the soil. This testing has been conducted on Soil No.1 
(Katandra) also. The test procedure requires that a soil sample be heated with a 
flux. An infra-red detector is used to measure the gasses produced from which 
the presence of elemental carbon can be determined. 
 
 
4.5 Density Testing 
 
The determination of the maximum dry density and optimum moisture content 
was required for each of the soil types. The results of this testing was later used 
when preparing samples for strength testing. The maximum dry density and 
optimum moisture content for each of the soils was determined using standard 
compactive effort. Standard compaction has been adopted as this is the common 
level of compaction specified by most Australian road authorities for the 
subgrade preparation as part of pavement construction.  
 
The testing was carried out in accordance with the following test method: 
 
• Determination of the dry density / moisture content relation of a soil 
using standard compactive effort - AS1289.5.1.1 
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The maximum density for a soil is the maximum mass of solids per unit volume 
of soil when applying a certain level of compactive effort. The optimum 
moisture content is the level of moisture that corresponds to the maximum dry 
density. The maximum dry density and optimum moisture content are 
determined by compacting samples of the soil into a mould at increasing 
moisture levels (Figure 4.7). The dry density of each sample is calculated by 
measuring the mass of the wet soil that has been compacted into the mould of 
known volume and the moisture content of the soil when compacted. The 
moisture content of the soil is established by measuring the mass of the soil 
following extraction of the specimen from the mould and again after drying in an 
oven to constant mass.  
 
The aim is to establish a minimum of four different densities that occur as a 
result of differing soil moisture contents. The dry density and corresponding 
moisture content values are plotted on a graph of density versus moisture content 
and a smooth curve of best fit is drawn, with the objective of intersecting each of 
these points. It is necessary to obtain points that straddle the optimum moisture 
content to ensure a reliable result is obtained. The maximum value of density and 
corresponding moisture content is read from the graph and this is known as the 
maximum dry density and optimum moisture content for that particular soil 
sample. When using standard compactive effort, the soil is compacted in 3 
uniform layers into a 105 mm diameter mould of height 115.5 mm. Each layer is 
subjected to 25 blows of a 2.7 kg hammer, falling from a height of 300 mm. 
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Figure 4.7 –  Density testing using standard compaction. 
 
 
 
The density of the wet soil for each specimen is calculated using the following 
equation: 
 
ρ   =  
V
mm 12 −  
 
where 
ρ  =    density of wet soil, in tonnes per cubic metre 
m 2  =    mass of mould plus specimen, in grams 
m 1   =    mass of mould, in grams 
V  =    volume of mould, in cubic centimetres 
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The density of the dry soil for each specimen is calculated using the following 
equation: 
 
dρ  = 
w+100
100ρ
 
 
 
where 
dρ  =    density of dry soil, in tonnes per cubic metre 
ρ  =    density of wet soil, tonnes per cubic metre 
w  =    moisture content of the specimen, in percent 
 
 
4.6 Selection of Stabilising Binders 
 
Appropriate binders have been selected for the experimental testing considering 
the plasticity and particle size distribution test results that formed part of the 
initial classification testing for each of the soils. Charts made available in the 
Austroads “Guide to Stabilisation in Roadworks” and the AustStab “Selection of 
Stabilisation Methods for Roadworks” have provided guidance with this initial 
selection. These charts have been reproduced and are shown previously in 
Section 3.8. Advice has also been sought from Rohan McDowall from Blue 
Circle Southern, Victoria.  
 
While not all of the binders selected were necessarily considered highly suitable 
for all soil types being investigated, all five alternative binders have been used 
with each soil type to allow a comparison to be made between test results. It is 
usual for stabilisation to be undertaken with binder contents of between 2 % and 
4 % however it is not uncommon for chemical binders to be applied at rates as 
low as 1 % and lime at a rate of around 6 %. It has been considered appropriate 
to limit the binder contents to between 2 % and 6 % for the experimental work 
considering the difficulty of achieving a uniform mix of a clay soil with a binder 
at a rate as low as 1 %.  An increment of 2 % between the binder content rates 
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was selected to ensure a significant discrimination between test results. The 
binder type and content rates nominated for use in the experimental work are 
provided below in Table 4.1. It should be noted that the binder application 
percentage rates are based on the dry mass of the parent soil.  
 
 
 
Binder Type Application Rates (%) 
2, 4, 6 
2, 4, 6 
2, 4, 6 
1.  General Purpose Cement 
2.  Hydrated Lime 
3.  Slag/Lime (85:15) 
4.  Triple Blend 
5.  H 2 Off 
2, 4, 6 
2, 4, 6 
Table 4.1 – Binder type and application rates used for experimental testing. 
 
 
 
 
 
Figure 4.8 – Additives used for Experimental Testing. 
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4.7 Soil Strength Testing 
 
Strength testing of the soils has been undertaken following stabilisation with 
each of the additives, over the range of application rates provided in Table 4.1 
above. The mixing procedure has been illustrated below in Figure 4.9. The 
strength of each of the modified soils has been tested using both the California 
Bearing Ratio (CBR) test and the Unconfined Compressive Strength (UCS) test. 
While both these test methods are appropriate for testing the strength of 
stabilised soils, it was believed that the CBR test would provide the most 
valuable data when considering the stabilisation of clay soils. These results are 
therefore used as the primary indicator for strength improvement in the stabilised 
soils as part of the analysis of the experimental test results in the following 
chapters.  
 
 
 
Figure 4.9 – Initial mixing of stabilising binder with soil. 
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While it is understood that relatively low compressive strength values would 
result from UCS testing (when considering stabilisation of natural clay soils), it 
was however expected that this testing would provide validation of the strength 
improvement measured as part of the CBR testing. The UCS testing was 
therefore also incorporated into the testing program.   
 
As part of the CBR and UCS testing preparation, the stabilised soil samples were 
allowed to cure for a short period of time prior to compacting to allow initial 
flocculation of the clay and to partially emulate field placement practices. The 
initial preparation curing details are provided in Table 4.2. 
  
 
Binder Type Initial Curing Period (Hrs) 
General Purpose Cement 2 
Hydrated Lime 4 
Slag/Lime (85:15) 2 
Triple Blend 
H 2 Off 
2 
2 
Table 4.2 – Initial curing periods used with each binder type. 
 
 
4.7.1  California Bearing Ratio (CBR) 
 
A separate sample of each of the soils has been prepared for CBR testing with 
each of the binder types and binder contents as nominated in Section 4.6. The 
specimens have been compacted to a density ratio of around 100 %, based on the 
predetermined standard maximum dry density and optimum moisture content of 
the soil. For practical purposes, a density ratio tolerance of around +/- 2 % has 
been used in the preparation of test specimens. It is considered that this tolerance 
would reasonably reflect field practices for subgrade soil stabilisation. 
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CBR testing has been undertaken in accordance with the following test method: 
 
• Determination of the California Bearing Ratio of a soil – Standard 
laboratory method for a remoulded specimen - AS1289.6.1.1 
 
This test is commonly used to provide an indication of the strength of a 
pavement subgrade soil or granular pavement material. The test requires that the 
soil be compacted in a mould to a specified density and moisture content based 
on the maximum dry density and optimum moisture content that has been 
previously established from a Dry Density / Moisture content relationship test. 
The mould used is 152 mm in diameter and has a height of 178 mm. The sample 
remains in the mould following compaction and a surcharge mass is applied to 
the top. Surcharges are applied to simulate the confining effects of the overlying 
material layers and are typically 4.5 kilograms. The sample is soaked in a water 
bath for a period of 4 days.  
 
Following the soaking period, the mould and specimen are removed from the 
bath and drained for 15 minutes. The surcharge remains on the sample and the 
mould and specimen are placed in the loading machine (Figure 4.10). A load is 
applied using a 50 mm diameter piston at a rate of 1 mm per minute. The load 
readings are recorded at penetrations of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 7.5, 
10.0 and 12.5 mm. The load versus penetration depth is plotted and the load-
penetration curve is corrected when the curve is concave upward in the initial 
part of the test. The load values at the penetration depths of 2.5 mm and 5 mm 
are used to determine the CBR.  
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Figure 4.10 – CBR testing machine. 
 
 
The bearing ratio is calculated using the following equations: 
 
Load at 2.5 mm penetration in kN divided by 13.2 kN and multiplied by 100 
 
and  
 
Load at 5.0 mm penetration in kN divided by 19.8 kN and multiplied by 100 
 
The greater of the two values becomes the CBR of the material, expressed as a 
percentage. 
 
 
CBR testing has also been undertaken on each of the soils without the addition of 
binders to enable an appreciation of the strength gain achieved through the 
stabilisation of the soils. 
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Figure 4.11 – Specimen at completion of CBR test. 
 
 
 
The addition of the stabilising binder can often result in a lowering of the 
maximum dry density and an increase to the optimum moisture content of the 
soil. This effect becomes more evident with an increased time delay between 
mixing and compacting of the stabilised soil. The type of binder and nature of 
the soil can have a bearing on the magnitude of the resulting variation. 
  
Austroads acknowledges this effect where soils are stabilised with lime and the 
following graph (Figure 4.12) has been reproduced from the Guide to 
Stabilisation in Roadworks (Austroads, 1998), illustrating the variation to the dry 
density and optimum moisture content as a result of adding lime to a soil.  
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Figure 4.12 – Effect of Lime on Optimum Moisture Content  
and Density. 
 
 
As part of the joint VicRoads and AustStab Technology Transfer Seminar 
(VicRoads and AustStab, 2001), suggestions for new Methods for Testing 
Stabilised Soils, include the recommendation that the reference Optimum 
Moisture Content (OMC) is taken as the OMC of the parent material only (i.e. 
without binder) to minimise the amount of laboratory testing. 
 
While samples in the experimental testing have been compacted to a density ratio 
based on the maximum dry density and optimum moisture content of the parent 
soil, the compaction has been commenced well within the maximum working 
times recommended for each of the binder types being used, to ensure any 
resulting change to the level of compaction was kept to a minimum. A small test 
program was initiated to confirm the negligible effect on the resulting CBR 
strength of the compacted specimens. The maximum dry density and optimum 
moisture content was established for Soil No.5 following stabilisation with 4 % 
GP Cement. The same was also established after the addition of 4 % Hydrated 
Lime.  
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When stabilised with cement, the maximum dry density and optimum moisture 
content remained the same as that previously established for the parent soil. The 
testing showed that following stabilisation with lime, the maximum dry density 
decreased by around 3 % and the optimum moisture content increased by 1.4 %. 
A further CBR sample was prepared with the addition of 4 % hydrated lime and 
compacted at the newly established maximum dry density and optimum moisture 
content. The sample was soaked and tested using the normal CBR testing 
procedure. This test produced a CBR result, being the same value as that of the 
original specimen, having been compacted to the density ratio based on the 
maximum dry density and optimum moisture content of the parent soil.  
 
As a result of this, it was considered reasonable to expect that the results of the 
testing would not be unduly affected by the slight variation to the specimen 
density level that may occur with the addition of some of the binders.   
 
The soaking period used as part of the testing procedure has been based on the 
recommendations of VicRoads standard practice and also the period specified as 
part of the test methods. The specimen curing details are shown in Table 4.3 
below. 
 
 
 
Test Type Specimen Curing Details 
 
CBR Test 
 
Soak for a period of 4 days prior to 
testing. 
Table 4.3 – Specimen curing details for CBR testing. 
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4.7.2  Unconfined Compressive Strength (UCS) 
 
Each of the soils has been prepared for UCS testing with each of the binder types 
and binder contents as nominated above. Two specimens for each of the 
combinations have been compacted to a density ratio of around 100 %, based on 
the predetermined standard maximum dry density and optimum moisture content 
of the soil. A density ratio tolerance of around +/- 2 % has been adopted for the 
preparation of the test specimens. Typical prepared specimens are shown in 
Figure 4.13. 
 
 
 
Figure 4.13 – UCS test specimens. 
 
 
UCS testing has been undertaken on each of the soils without the addition of 
binders to enable an appreciation of the strength gain as a result of stabilising the 
soils.  
 
The compacted sample curing details are provided in the following table (Table 
4.4) and have been based on the NSW and Victorian Road Authority 
recommendations. 
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Test Type Specimen Curing Details 
 
UCS Test 
 
Cure in Water Bath for a period of 28 
days prior to testing. 
Table 4.4 – Stabilised specimen curing periods for UCS testing. 
 
 
The UCS testing has been performed in accordance with the following test 
method: 
 
• Method 51: Unconfined Compressive Strength of compacted materials     
- AS 1141.51 
 
 
The requirement of this method to soak the samples for a period of 4 hours prior 
to testing has been omitted due to problems associated with samples partially 
disintegrating when placed in water.  
 
Testing for the unconfined compressive strength of a sample is used to establish 
the maximum compressive strength of a soil when in an unconfined state and is 
appropriate to unbound, bound and self-cementing materials. An increasing load 
is applied to a sample until the sample fails and the maximum load value at 
failure is recorded.  
 
Samples are prepared by ramming the soil into a 105 mm diameter cylindrical 
mould to the desired level of compaction based on the maximum dry density and 
optimum moisture content for the soil, established in advance. When using 
standard compactive effort, the sample is compacted in 3 uniform layers, with 
the surface of each layer scarified prior to the placement of the subsequent layer, 
preventing lamination. At the completion of compaction, the weight of the 
compacted specimen is measured and the specimen is extruded from the mould. 
The moisture content is determined from the remaining material to allow 
confirmation of the dry density of the prepared specimen. 
   67
Where a binder has not been added to the soil, the strength testing can be 
commenced immediately. Where binders have been added, the samples are 
transferred to a water bath or humidity cabinet for a curing period of normally 7 
or 28 days. Following the curing time, the samples are immersed in water for a 
period of 4 hours and after this time the samples are removed and the water is 
dried from the surface (Water immersion omitted in this testing program). The 
samples are placed in the compression testing machine (Figure 4.14) and the 
upper bearing block is lowered at a rate of 1 mm / min until the sample fails. A 
typical specimen failure is shown in Figure 4.15 below. 
 
 
 
 
Figure 4.14 – UCS testing machine. 
 
 
 
 
 
 
 
   68
The maximum load resisted by the sample is recorded and the unconfined 
compressive strength is calculated using the following equation: 
 
 
UCS  =  
2)(
1273
avD
P ×
 
 
where 
UCS  =    Unconfined Compressive Strength, in megapascals 
P  =    load at failure, in kilonewtons 
D av   =    average diameter, in millimetres 
 
The unconfined compressive strength is the average of the strengths of two test 
specimens, expressed in Megapascals. 
 
 
 
Figure 4.15 – Failed UCS Test Specimen. 
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4.8 Capillary Rise, Absorption and Swell 
 
Capillary rise, water absorption and swell testing has been carried out on each of 
the soils following stabilisation with each of the stabilising combinations. 
Testing was also conducted on untreated soil specimens for the purpose of 
providing an indication of the change to the soil properties following the addition 
of each of the binder types. This testing enables assessment of the performance 
of the natural and stabilised soils when placed in contact with water. The testing 
has been undertaken in accordance with the following test method: 
 
• Method 53: Absorption, swell and capillary rise of compacted materials   
- AS 1141.53 
 
The capillary rise test establishes the height to which water rises to in a sample 
when placed in a shallow depth of water for a period of 72 hours. The water 
absorption test measures the percentage of water that the sample absorbs over 
this time and the swell is a measure of the increase in diameter of the sample as 
the water is absorbed. These three properties are obtained from measurements 
taken on the one test specimen.  
 
The curing time adopted for the stabilised specimens prior to undertaking 
capillary rise, absorption and swell testing is provided in Table 4.5. 
 
 
Test Type Specimen Curing Details 
Capillary Rise 
Absorption 
Swell 
Cure in Water Bath for a period of 28 
days prior to testing. 
Table 4.5 – Stabilised specimen curing periods for Capillary Rise, Absorption &  
Swell testing. 
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A sample is prepared by compacting the soil (plus additive if required) into a 
mould that has a diameter of 105 mm and a height of 115.5 mm. The soil is 
compacted to the required density and moisture content based on the 
predetermined maximum dry density and optimum moisture content for the soil. 
When using standard compaction, the soil is compacted in three uniform layers 
using a drop hammer or vibratory hammer. Where samples containing additives 
are to be tested, the binder is added and cured for an appropriate period of time 
prior to compacting these samples. Following compaction of the sample, the 
mass of the specimen is determined prior to extruding from the mould. The 
moisture content of the remaining material is measured to allow confirmation of 
the dry density of the prepared specimen.  
 
For unbound material (samples that do not contain additives), curing of the 
samples is not required. Where additives are used, the samples are cured for a 
period of usually 7 or 28 days in a water bath or humidity cabinet. The samples 
are then dried to a constant mass at a temperature of 50 Co  to 60 Co . The 
specimen is weighed and the diameter of the base of the specimen is measured. 
The sample is placed in water to a depth of 10 mm and this water depth is 
maintained for a period of 72 hours (Figure 4.16). After this time, both the height 
of the water rise and the total height of the sample are measured. The sample is 
removed from the water and the surface is dried. The diameter of the base of the 
sample is again measured and the sample is weighed. 
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Figure 4.16 – Capillary rise in a stabilised soil specimen. 
 
  
The capillary rise, water absorption and swell is calculated using the following 
equations: 
 
Capillary Rise: 
 
 
CR  =  
H
h
 x 100 
 
where  
CR =    Capillary rise in the specimen, in percent 
h =    height of capillary rise in the specimen, in millimetres 
H  =    initial height of the specimen, in millimetres 
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Water Absorption: 
 
 
A  =  
5
34
m
mm −
 x 100 
 
where 
A  =    water absorption, in percent 
m 4  =    mass of specimen after soaking in water, in grams 
m 3   =    mass of specimen after drying at 50 C
o  to 60 Co , in grams 
m 5   =    mass of dry specimen, in grams 
 
 
 
Swell: 
 
S   =  [ 
2
1
2
2
)(
)(
D
D
 - 1 ] x 100 
 
where 
S =    swell after absorption, in percent 
D 1   =    diameter of base of specimen before soaking, in millimetres 
D 2   =    diameter of base of specimen after soaking, in millimetres. 
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4.9 Analysis of Experimental Results  
 
4.9.1  Soil–Binder Combinations Providing Good Strength Gain 
 
All test results have been tabulated and graphed to allow comparison to be made 
between the strength gains associated with each of the binder types and 
application rates. The best performing binder types have been identified for each 
of the soil types considering primarily the CBR strength that was achieved 
through stabilisation of the soil. A CBR of 45 % was adopted as the minimum 
strength required of the stabilised soil and it was considered that this result for a 
single test would allow the maximum design CBR of 15 % to be assigned to a 
stabilised subgrade of this particular soil type. 
 
This minimum strength requirement has been based on the VicRoads approach to 
assigning a CBR strength to Lime stabilised earthworks, Code of Practice RC 
500.23. This method requires three CBR strengths to be established for the 
stabilised soil. The mean of the lowest two results is divided by 3 and this value 
is assigned as the design strength. This method has been adopted by VicRoads to 
take into account differences that occur between the field and laboratory test 
results.  
 
With the maximum subgrade design strength limited to CBR 15 %, the target 
laboratory CBR for an individual test result is therefore considered appropriate at 
a minimum of 45 % (i.e. 45 divided by 3 equals 15). 
 
Of secondary importance, the UCS test results were assessed to confirm 
substantial strength gain over the 28 day curing period and ideally a UCS value 
of at least 1 MPa was adopted as the desirable minimum strength. This is 
generally the minimum strength for consideration as a lightly bound layer. The 
reduction to capillary rise was another assessment measure used, and although 
the level of acceptance for capillary rise for stabilised materials is not considered 
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absolute, VicRoads and AustStab provides a suggested maximum rise limit of 
25% in 24 hours (VicRoads & AustStab, 2001). 
All alternatives that have performed well, considering the above criteria, have 
been considered here for the subsequent pavement design component of the 
analysis.  
 
 
4.9.2  Assignment of Subgrade Strength for Pavement Design 
 
While the UCS test results have been used to confirm the increased strength of 
the stabilised soils, the design strength for the subgrade soils has been based on 
the CBR strength for use in the design of typical pavements.  
 
It is suggested that that the CBR be used for the design strength parameter where 
stabilisation of a subgrade is undertaken to provide a subbase layer (APRG, 
2001). Austroads Pavement Reference Group also notes that a stabilised 
subgrade is normally considered as a modified material rather than a fully bound 
layer as it is unlikely that pavements with traffic loadings less than 10 5  ESAs 
would incorporate a cemented layer. UCS values are often used to estimate a 
design modulus for cemented layers as part of the mechanistic design of 
pavements. It is therefore considered appropriate to place a greater emphasis on 
the CBR strength and use this parameter when assigning a design strength to the 
stabilised subgrade soils for the following pavement design component.  
 
With a maximum allowable design CBR of 15 % set for the stabilised subgrade, 
it is assumed that this design strength will be achieved for a subgrade where 
stabilisation is undertaken, based on the experimental testing results. The 
pavement design process has therefore incorporated a subbase layer with this 
strength.   
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4.9.3 Pavement Designs Incorporating Stabilised Subgrades and 
Subgrades that Remain Untreated 
 
The design of a pavement refers to the process of determining the granular 
material make-up required as a consequence of the load that the traffic will apply 
over the life of the pavement together with the support provided by the 
underlying soils. The soils over which the pavement is constructed are referred to 
as the “subgrade” and the strength of a subgrade is usually expressed in terms of 
the California Bearing Ratio (CBR).  
 
For the purposes of providing typical pavement make-ups where stabilisation of 
the subgrade is considered and alternatively for make-ups where the subgrade 
remains untreated, design traffic loadings have been selected with guidance from 
the current Australian road design manuals. Two alternative traffic loadings have 
been nominated and are considered typical of low trafficked urban and rural 
roads. The traffic loadings have been selected from indicative design traffic 
values provided in APRG “A Guide to the Design of New Pavements for Light 
Traffic” (APRG, 2001) and these values are shown below.  
 
 
1. 2 x 10 4 ESAs – This is a typical traffic loading for a Local access road 
without bus traffic. 
 
2. 1.5 x 10 5  ESAs – This is a typical traffic loading for a collector street 
without buses. 
 
 
Typical pavement make-ups have been calculated considering the selected traffic 
loadings and the subgrade strength for both the stabilised soils and the natural 
untreated soils. The natural subgrade strength used in the design calculations, has 
been based on the laboratory soaked CBR test results established as part of the 
experimental work. The subgrade strength for the stabilised soils has been set at 
the maximum allowable value of CBR 15 % as discussed above.  
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Comparison has been made on the basis of the resulting overlaying granular 
material depths between a pavement incorporating a stabilised subgrade and one 
where stabilisation of the subgrade is not undertaken. An illustration of two 
alternative typical pavement make-ups is shown in Figure 4.17 below.  
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Figure 4.17 – Example providing a typical comparison between possible Pavement Make-ups. 
 
 
The pavement design has considered flexible pavement construction only as this 
is the common pavement composition currently being constructed in the 
Goulburn Valley region. The pavement design has been carried out using the 
pavement design charts provided in the APRG “A Guide to the Design of New 
Pavements for Light Traffic” (APRG, 2001). 
 
Alternative charts are provided for different confidence levels. The confidence 
level refers to the level of acceptable risk of premature pavement failure for 
specific situations. Both a 90 % and a 95 % confidence limit have been 
considered. The 95 % confidence level is normally appropriate for fixed level 
urban pavements, i.e. where kerb and channel is provided along the edges of the 
pavement, making it difficult to overlay additional material when a pavement 
failure occurs. A 90 % confidence level is often used where a rural pavement is 
being designed with the knowledge that the application of an overlaying layer of 
   77
material is relatively straightforward in the event of a premature pavement 
failure. 
 
The design charts have been used to determine the minimum thickness of cover 
required over the natural subgrade for which the CBR has been determined. This 
becomes the total pavement thickness. The pavement can be made up of various 
material types, and normally ranges from lower quality material in the lower 
layers through to higher quality material in the upper zone. The required cover 
over each of the materials is dependant on the CBR value for each of these. The 
cover for each material can be read from the design charts with the top 100 mm 
of the pavement usually required to consist of material having a CBR of at least 
80 %.  
 
A copy of the empirical design charts used for the pavement make-up 
comparisons are provided below (Figure 4.18 and 4.19): 
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Figure 4.18 – Pavement Design Chart for 95% Confidence Level (Source: APRG, 2001). 
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Figure 4.19 – Pavement Design Chart for 90% Confidence Level (Source: APRG, 2001). 
 
 
 
APRG suggests that typical design periods for new flexible pavements are 20 to 
25 years (APRG, 2001). A design period of 20 years has been selected and is 
considered typical for pavement designs that are undertaken in the region. An 
annual growth rate of 1 % has been adopted in line with indicative values 
provided in APRG “A Guide to the Design of New Pavements for Light Traffic” 
(APRG, 2001). 
 
The stabilised layer has been limited to a maximum depth of 250 mm. It is 
considered difficult to achieve adequate uniform compaction in layers where this 
depth is exceeded. A single layer only has been considered due to difficulties 
associated with the removal of the upper layer of subgrade material to allow 
stabilisation and compaction of the lower layer. A minimum depth of 150 mm 
has also been considered as this is common practice and helps ensure good 
mixing and consistency of the stabilised layer. VicRoads Code of Practice for 
Selection and Design of Pavements and Surfacings RC 500.22 (VicRoads, 2003) 
also recommends that the minimum depth of lime stabilisation be 150 mm. 
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The minimum depth of granular material overlaying the stabilised subgrade 
material has been set at 150 mm. A cover depth of this order is recommended in 
pavement design manuals to reduce the effects of shrinkage cracking reflecting 
to the pavement seal. Shrinkage of the stabilised material is inevitable and 
provision of adequate cover prevents the shrinkage cracks from transferring 
through to the surface. Relaxation of this requirement may be possible where 
slow setting additives, having a lower likelihood of shrinkage, are used. The    
150 mm minimum depth has however been adopted here for the comparisons 
that form part of the project analysis.   
 
The overall pavement depth required as a result of each of the five untreated 
subgrade CBR strengths has been determined, using the design charts shown 
above, for each design traffic value and for both a 90 % and 95 % confidence 
level. The five subgrade CBR strengths have again been considered, however 
this time with the upper layer of soil stabilised to form a subbase having a design 
CBR strength of 15 %. The depth of granular material required over the 
stabilised layer has been determined from the design charts. The minimum and 
maximum stabilised depth and minimum cover depths specified above have been 
taken into consideration when establishing the granular material depths.  
 
The pavement depths determined in each case have been tabulated to allow 
comparison between the alternatives. While the design of a pavement requires 
the individual layers of different quality crushed rock to be optimised, the 
comparison offered here has been limited to providing the overall depth of 
granular material when both the treated and untreated subgrade is considered. It 
is expected that the upper layers of pavement material would be equivalent in 
each case.  
 
The reduction in the depth of subbase granular material that is a result of 
stabilisation of the subgrade forms part of the tabulated data. It is expected that 
this information may provide a basis for assessment of the economic viability of 
incorporating stabilisation of the subgrade soils into new pavement construction 
in the Goulburn Valley.   
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Chapter 5: Testing Results 
  
 
Laboratory Testing has been undertaken on the five different soil types to allow a 
classification to be allocated to each of these. While this testing distinguishes the 
range of soils used for the experimental work, it is expected that this will also 
provide assistance when comparing soil types used in other possible 
experimental work. Strength testing has formed the basis of the performance 
assessment of the stabilised soils, with further ancillary testing used to establish 
the response of the stabilised soils when in contact with water. The testing work 
has included the following tests: 
 
• Atterberg Limits 
• Linear Shrinkage 
• Particle size distribution 
• X-ray Fluorescence and X-ray Diffraction 
• Density / moisture content relationship 
• California Bearing Ratio (CBR) – 4 day soak 
• Unconfined Compressive Strength (UCS) – 28 day curing time 
• Capillary Rise 
• Absorption 
• Swell 
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The results of all testing, undertaken as part of the project work, are provided 
below. All testing reports are included in Appendix C, Appendix D and 
Appendix E with a summary of the testing results provided in Appendix F. 
 
5.1 Soil Sampling Details 
 
A total of five different soil types have been sampled from the study area for 
testing. The details of these are provided in Table 5.1.  
 
 
Sampling Location Soil 
Type 
No. 
Reference 
No. Address Coordinates 
Sampling 
Depth 
1 050294 
Lincoln Street Katandra 
West 
370445 
5990016 
150 to  
750 mm 
2 050295 
Zeerust School Road 
Zeerust 
356744 
5986104 
100 to  
750 mm 
3 050296 
Seven Creeks Estate  
South Shepparton 
355091 
5967647 
150 to  
800 mm 
4 050297 Mitchell Road Kialla 
357738 
5964157 
150 to  
750 mm 
5 050424 
Parkside Drive  
North Shepparton  
354559 
5975870 
200 to  
1000 mm 
Table 5.1 – Soil sample details. 
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Each of the soil samples has been provided with an identifying label based on the 
sampling location. The soils will be referred to using this label from here on in. 
 
 
Soil 
Type 
No. 
Reference 
No. 
Sample Location Soil Label 
1 050294 Lincoln Street Katandra West “Katandra” 
2 050295 Zeerust School Road Zeerust “Zeerust” 
3 050296 Seven Creeks Estate South Shepparton “Seven Creeks” 
4 050297 Mitchell Road Kialla “Kialla” 
5 050424 Parkside Drive Shepparton “Parkside Drive” 
Table 5.2 – Sample labels. 
 
 
5.2 Field Moisture Contents 
 
The field moisture content of each of the soils has been measured and these 
values are shown in Table 5.3 below. 
  
Soil 
Type 
No. 
Soil Label 
Field Moisture 
Content (%) 
1 Katandra 12.5 
2 Zeerust 12.1 
3 Seven Creeks  16.8 
4 Kialla 11.6 
5 Parkside Drive 14.1 
Table 5.3 – Field moisture contents for each soil. 
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5.3 Maximum Dry Density and Optimum Moisture Content 
Testing 
 
Testing has been undertaken to establish the maximum dry density and optimum 
moisture content for each of the soil types using standard compactive effort. The 
results of this testing are provided below in Table 5.4. 
 
 
Soil 
Type 
No. 
Soil Label 
Maximum 
Dry Density 
(t/m 3 ) 
Optimum 
Moisture 
Content (%) 
1 Katandra 1.74 16.8 
2 Zeerust 1.75 15.8 
3 Seven Creeks  1.61 21.4 
4 Kialla 1.79 15.0 
5 Parkside Drive 1.70 19.3 
Table 5.4 – Maximum dry density and optimum moisture content. 
 
 
5.4 Plasticity Analysis Testing 
 
Plasticity analysis testing has been carried out on each of the five soils and the 
results are provided in Table 5.5 below. 
 
Soil 
Type 
No. 
Soil Label 
Liquid 
Limit (%) 
Plastic 
Limit (%) 
Plasticity 
Index (%) 
Linear 
Shrinkage 
(%) 
1 Katandra 34 14 20 10 
2 Zeerust 30 13 17 8 
3 Seven Creeks  59 19 40 15.5 
4 Kialla 27 13 14 9 
5 Parkside Drive 47 16 31 16 
Table 5.5 – Plasticity analysis test results. 
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5.5 Particle Size Distribution Testing 
 
Particle size distribution testing using a sieve analysis method of testing has 
provided the following allocation of particle sizes down to a size of 0.075 mm 
for each of the soils. 
  
Percentage Passing 
Australian Standard Sieve Sizes 
Soil 
Type 
No. 
Soil Label 
13.2 mm 2.36 mm 0.425 mm 0.075 mm 
1 Katandra 100 96 88 66 
2 Zeerust 100 99 96 74 
3 Seven Creeks  100 100 98 95 
4 Kialla 100 99 96 76 
5 Parkside Drive 100 99 95 85 
Table 5.6 – Sieve analysis test results. 
  
 
Further testing using the sedimentation method with a hydrometer has been 
carried out to establish the fine sand, silt and clay fraction of each of the soils. 
The results of this testing are shown in Table 5.7 below.  
 
 
Soil 
Type 
No. 
Soil Label 
Fine Sand 
Fraction (%) 
Silt Fraction 
(%) 
Clay Fraction 
(%) 
1 Katandra 34 39 27 
2 Zeerust 26 44 31 
3 Seven Creeks  5 51 44 
4 Kialla 24 43 33 
5 Parkside Drive 15 66 19 
Table 5.7 – Sand, silt and clay fractions for each soil. 
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5.6 Soil Classification 
 
The plasticity analysis and particle size distribution analysis testing results have 
been used to allocate a classification to each of the soils, based on the Standards 
Australia Code AS 1726. The classifications are shown in Table 5.8.  
 
 
 
Soil No. Soil Label Classification 
1 Katandra Sandy clay CI 
2 Zeerust Silty clay with sand CL 
3 Seven Creeks  Clay CH 
4 Kialla Silty clay with sand CL 
5 Parkside Drive Silty clay with traces of sand CI 
Table 5.8 – Soil classifications. 
 
 
5.7  X-Ray Fluorescence and X-Ray Diffraction Testing 
 
Testing has been undertaken to further characterise each of the 5 soils. This 
testing has included X-ray Fluorescence Spectroscopy (XRF), X-ray Diffraction 
(XRD) and LECO Carbon Analysis testing. Blue Circle Southern has performed 
the testing and the results are provided below. 
 
5.7.1  X-ray Fluorescence Spectroscopy (XRF) Testing 
 
X-ray Fluorescence Spectroscopy (XRF) testing has been used to establish the 
different elements contained within each of the soils. The percentages of each of 
the elements are shown below in Table 5.9. 
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Soil Type No. 1 2 3 4 5 
Soil Label Katandra Zeerust 
Seven 
Creeks 
Kialla 
Parkside 
Drive 
SiO 2  61.750 64.180 59.030 66.920 62.590 
Al 2 O 3  14.240 11.750 15.240 11.730 14.290 
Fe 2 O 3  6.430 5.030 5.240 4.380 4.810 
CaO 0.170 0.630 0.290 0.020 0.210 
MgO 0.580 0.880 1.180 0.680 0.890 
SO 3  0.022 0.016 0.031 0.009 0.032 
Na 2 O 0.255 0.317 0.457 0.393 0.485 
K 2 O 1.645 1.615 1.889 1.816 2.017 
Cl 0.007 0.016 0.007 0.008 0.029 
Cr 2 O 3  0.017 0.013 0.011 0.012 0.014 
F 0.023 0.070 0.069 0.099 0.075 
Mn 3O 4  0.041 0.100 0.086 0.037 0.065 
P 2 O 5  0.244 0.225 0.227 0.226 0.226 
SrO 0.004 0.004 0.007 0.003 0.004 
TiO 2  0.914 0.705 0.889 0.786 0.774 
ZnO 0.005 0.005 0.006 0.005 0.006 
S
am
p
le
 E
le
m
en
ts
 (
%
) 
LOI 13.650 14.440 15.340 12.880 13.470 
Table 5.9 – X-ray Fluorescence Spectroscopy (XRF) test results. 
 
 
The results of this testing indicate that the element make-up of the five soils is 
very similar and therefore the following LECO Carbon analysis and XRD testing 
has been undertaken on Soil No.1 (Katandra) only. 
 
 
5.7.2  LECO Carbon Analysis Testing  
 
LECO Carbon analysis testing has been conducted on Soil No.1 (Katandra) and 
the result is provided in Table 5.10. 
 
 
Soil No. Soil Label Carbon  
1 Katandra 0.40 % 
Table 5.10 – LECO Carbon Analysis results for Soil No.1. 
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This result indicates that very minimal organic matter was present within the 
soil. 
 
5.7.3 X-ray Diffraction (XRD) Testing 
 
X-ray diffraction (XRD) testing was conducted on Soil No.1 (Katandra) and the 
results are shown in Table 5.11. 
 
 
Crystal Phase Name & Structure Soil No. 1 - Katandra 
Quartz 44.2 % 
Kaolin 45.9 % 
Rest / Unknown 9.9 % 
  
Mixed layer illite-smectite Not Found 
Hematite Not Found 
Halloysite Not Found 
Smectite-chlorite Not Found 
Montmorillonite Not Found 
Muscovite Not Found 
Clinoptilolite Not Found 
Pyrophyllite Not Found 
Vermiculite Not Found 
Illite Not Found 
Trydimite Not Found 
Antigorite Not Found 
Chamosite Not Found 
Table 5.11 – X-ray Diffraction (XRD) test results for Soil No.1. 
 
 
From these results it can be seen that the soil consists predominantly of quartz 
and Kaolin. 
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5.8  California Bearing Ratio Testing 
 
The results of the California Bearing Ratio testing undertaken on each of the 
soil-binder combinations and the natural (untreated) soils are provided below 
(Table 5.12). Each of the test specimens has been compacted to a density ratio of 
around 100 % of standard maximum dry density and soaked for a period of         
4 days prior to testing.  
 
 
Soil 1 - Katandra 
Untreated Soil - Laboratory Soaked CBR: 
3.0 % 
  
Binder Content Laboratory Soaked 
CBR (%) 2% 4% 6% 
GP Cement 50 70 150 
Hydrated Lime 50 70 60 
Slag / Lime 30 40 17 
Triple Blend 35 90 180 
B
in
d
er
 T
y
p
e 
H 2 Off 30 50 80 
 
Soil 2 - Zeerust 
Untreated Soil - Laboratory Soaked CBR: 
2.5% 
  
Binder Content Laboratory Soaked 
CBR (%) 2% 4% 6% 
GP Cement 30 70 60 
Hydrated Lime 45 70 70 
Slag / Lime 10 17 25 
Triple Blend 25 45 70 
B
in
d
er
 T
y
p
e 
H 2 Off 30 40 50 
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Soil 3 - Seven Creeks 
Untreated Soil - Laboratory Soaked CBR: 
3.5% 
  
Binder Content Laboratory Soaked 
CBR (%) 2% 4% 6% 
GP Cement 9 30 45 
Hydrated Lime 35 60 60 
Slag / Lime 3 7 14 
Triple Blend 9 25 25 B
in
d
er
 T
y
p
e 
H 2 Off 
11 25 40 
 
Soil 4 - Kialla 
Untreated Soil - Laboratory Soaked CBR: 
5.0% 
  
Binder Content Laboratory Soaked 
CBR (%) 2% 4% 6% 
GP Cement 50 110 150 
Hydrated Lime 50 80 80 
Slag / Lime 13 10 16 
Triple Blend 30 45 80 
B
in
d
er
 T
y
p
e 
H 2 Off 35 60 80 
 
Soil 5 - Parkside Drive 
Untreated Soil - Laboratory Soaked CBR: 
7.0% 
  
Binder Content Laboratory Soaked 
CBR (%) 2% 4% 6% 
GP Cement 17 40 60 
Hydrated Lime 35 70 90 
Slag / Lime 6 12 16 
Triple Blend 12 30 40 
B
in
d
er
 T
y
p
e 
H 2 Off 17 30 40 
Table 5.12 – California Bearing Ratio Test Results. 
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5.9 Unconfined Compressive Strength Testing 
 
The results of Unconfined Compressive Strength testing carried out on each of 
the soil-binder combinations and natural (untreated) soils are provided in Table 
5.13.  Each of the test specimens has been compacted to a density ratio of around 
100 % of standard maximum dry density and the stabilised samples have been 
cured in a water bath for a period of 28 days prior to testing. 
 
 
Soil 1 - Katandra 
Untreated Soil – Unconfined Compressive 
Strength: 0.14 MPa 
  
Binder Content Unconfined 
Compressive Strength 
(MPa) 
2% 4% 6% 
GP Cement 0.94 1.80 2.40 
Hydrated Lime 0.58 1.60 1.50 
Slag / Lime 0.60 0.80 1.00 
Triple Blend 0.54 1.30 1.70 
B
in
d
er
 T
y
p
e 
H 2 Off 0.48 0.68 1.00 
 
Soil 2 - Zeerust 
Untreated Soil – Unconfined Compressive 
Strength: 0.34 MPa 
  
Binder Content Unconfined 
Compressive Strength 
(MPa) 
2% 4% 6% 
GP Cement 0.86 1.20 1.50 
Hydrated Lime 0.86 0.98 1.20 
Slag / Lime 0.38 0.58 0.90 
Triple Blend 0.94 1.20 1.40 
B
in
d
er
 T
y
p
e 
H 2 Off 0.58 0.72 0.92 
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Soil 3 - Seven Creeks 
Untreated Soil – Unconfined Compressive 
Strength: 0.32 MPa 
  
Binder Content Unconfined 
Compressive Strength 
(MPa) 
2% 4% 6% 
GP Cement 0.50 0.66 0.70 
Hydrated Lime 0.52 0.98 1.10 
Slag / Lime 0.40 0.54 0.66 
Triple Blend 0.72 0.84 0.98 
B
in
d
er
 T
y
p
e 
H 2 Off 0.60 0.52 0.48 
 
Soil 4 - Kialla 
Untreated Soil – Unconfined Compressive 
Strength: 0.24 MPa 
  
Binder Content Unconfined 
Compressive Strength 
(MPa) 
2% 4% 6% 
GP Cement 0.84 1.20 1.70 
Hydrated Lime 0.82 0.78 1.40 
Slag / Lime 0.44 0.68 0.92 
Triple Blend 0.68 0.96 1.40 
B
in
d
er
 T
y
p
e 
H 2 Off 0.66 0.96 0.92 
 
Soil 5 - Parkside Drive 
Untreated Soil – Unconfined Compressive 
Strength: 0.20 MPa 
  
Binder Content Unconfined 
Compressive Strength 
(MPa) 
2% 4% 6% 
GP Cement 1.30 1.90 2.20 
Hydrated Lime 1.00 1.70 2.20 
Slag / Lime 1.10 1.30 1.40 
Triple Blend 0.60 0.74 0.98 
B
in
d
er
 T
y
p
e 
H 2 Off 0.50 0.80 0.94 
Table 5.13 – Unconfined Compressive Strength test results. 
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5.10 Capillary Rise Testing 
 
The results of capillary rise testing undertaken on the prepared samples are 
shown in Table 5.14. Each of the test specimens has been compacted to a density 
ratio of around 100 % of standard maximum dry density and the stabilised 
samples have been cured in a water bath for a period of 28 days prior to testing. 
 
 
Soil 1 - Katandra 
Untreated Soil – Capillary Rise:  
100% (24hrs) 
100% (72hrs) 
  
Binder Content 
2% 4% 6% Capillary Rise (%) 
24 hrs 72 hrs 24 hrs 72 hrs 24 hrs 72 hrs 
GP Cement 70 100 74 100 43 43 
Hydrated Lime 69 86 39 39 26 35 
Slag / Lime 81 100 74 83 73 73 
Triple Blend 73 82 73 77 86 100 
B
in
d
er
 T
y
p
e 
H 2 Off 43 70 43 52 26 34 
 
Soil 2 - Zeerust 
Untreated Soil – Capillary Rise:  
100% (24hrs) 
100% (72hrs) 
  
Binder Content 
2% 4% 6% Capillary Rise (%) 
24 hrs 72 hrs 24 hrs 72 hrs 24 hrs 72 hrs 
GP Cement 100 100 100 100 100 100 
Hydrated Lime 100 100 87 100 82 100 
Slag / Lime 100 100 100 100 100 100 
Triple Blend 100 100 100 100 100 100 
B
in
d
er
 T
y
p
e 
H 2 Off 90 100 76 88 56 73 
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Soil 3 - Seven Creeks 
Untreated Soil – Capillary Rise:  
100% (24hrs) 
100% (72hrs) 
  
Binder Content 
2% 4% 6% Capillary Rise (%) 
24 hrs 72 hrs 24 hrs 72 hrs 24 hrs 72 hrs 
GP Cement 100 100 100 100 100 100 
Hydrated Lime 100 100 100 100 100 100 
Slag / Lime 100 100 100 100 100 100 
Triple Blend 100 100 100 100 100 100 
B
in
d
er
 T
y
p
e 
H 2 Off 83 100 77 86 59 71 
 
Soil 4 - Kialla 
Untreated Soil – Capillary Rise:  
91% (24hrs) 
100% (72hrs) 
  
Binder Content 
2% 4% 6% Capillary Rise (%) 
24 hrs 72 hrs 24 hrs 72 hrs 24 hrs 72 hrs 
GP Cement 100 100 70 74 61 70 
Hydrated Lime 68 100 56 78 43 69 
Slag / Lime 100 100 100 100 100 100 
Triple Blend 100 100 100 100 76 100 
B
in
d
er
 T
y
p
e 
H 2 Off 26 47 47 56 39 52 
 
Soil 5 - Parkside Drive 
Untreated Soil – Capillary Rise:  
96% (24hrs) 
100% (72hrs) 
  
Binder Content 
2% 4% 6% Capillary Rise (%) 
24 hrs 72 hrs 24 hrs 72 hrs 24 hrs 72 hrs 
GP Cement 100 100 100 100 100 100 
Hydrated Lime 100 100 85 85 43 70 
Slag / Lime 100 100 100 100 100 100 
Triple Blend 100 100 100 100 100 100 
B
in
d
er
 T
y
p
e 
H 2 Off 100 100 100 100 78 100 
Table 5.14 – Capillary Rise test results. 
   94
5.11 Water Absorption Testing 
 
Water absorption test results have been tabulated and are shown in Table 5.15 
below. 
 
 
Soil 1 - Katandra 
Untreated Soil – Water Absorption:  
23% 
  
Binder Content 
Water Absorption (%) 
2% 4% 6% 
GP Cement 15 14 13 
Hydrated Lime 16 15 15 
Slag / Lime 16 15 16 
Triple Blend 15 15 15 
B
in
d
er
 T
y
p
e 
H 2 Off 11 7 5 
 
Soil 2 - Zeerust 
Untreated Soil – Water Absorption:  
35% 
  
Binder Content 
Water Absorption (%) 
2% 4% 6% 
GP Cement 25 21 22 
Hydrated Lime 24 17 17 
Slag / Lime 30 27 26 
Triple Blend 25 22 20 
B
in
d
er
 T
y
p
e 
H 2 Off 22 14 9 
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Soil 3 - Seven Creeks 
Untreated Soil – Water Absorption:  
37% 
  
Binder Content 
Water Absorption (%) 
2% 4% 6% 
GP Cement 33 26 24 
Hydrated Lime 32 23 19 
Slag / Lime 36 37 43 
Triple Blend 32 28 28 
B
in
d
er
 T
y
p
e 
H 2 Off 13 19 10 
  
Soil 4 - Kialla 
Untreated Soil – Water Absorption:  
25% 
  
Binder Content 
Water Absorption (%) 
2% 4% 6% 
GP Cement 16 12 10 
Hydrated Lime 15 11 12 
Slag / Lime 22 20 20 
Triple Blend 19 17 15 
B
in
d
er
 T
y
p
e 
H 2 Off 6 6 6 
 
Soil 5 -  Parkside Drive 
Untreated Soil – Water Absorption:  
42% 
  
Binder Content 
Water Absorption (%) 
2% 4% 6% 
GP Cement 23 20 16 
Hydrated Lime 24 17 16 
Slag / Lime 24 22 22 
Triple Blend 25 25 25 
B
in
d
er
 T
y
p
e 
H 2 Off 21 16 13 
Table 5.15 – Water Absorption test results. 
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5.12 Swell Testing 
 
The results of swell testing performed on both the stabilised and untreated 
samples are provided below in Table 5.16. 
 
 
Soil 1 - Katandra 
Untreated Soil – Swell:  
*% 
  
Binder Content 
Swell (%)  
2% 4% 6% 
GP Cement 2 1 1 
Hydrated Lime 1 1 0 
Slag / Lime 2 2 2 
Triple Blend 2 1 1 
B
in
d
er
 T
y
p
e 
H 2 Off 2 1 0 
 
Soil 2 - Zeerust 
Untreated Soil – Swell:  
*% 
  
Binder Content 
Swell (%) 
2% 4% 6% 
GP Cement * 4 6 
Hydrated Lime * 1 5 
Slag / Lime * 10 8 
Triple Blend 7 4 9 
B
in
d
er
 T
y
p
e 
H 2 Off 6 3 3 
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Soil 3 - Seven Creeks 
Untreated Soil – Swell:  
*% 
  
Binder Content 
Swell (%) 
2% 4% 6% 
GP Cement * * * 
Hydrated Lime * * * 
Slag / Lime * * * 
Triple Blend * * * 
B
in
d
er
 T
y
p
e 
H 2 Off 8 8 4 
 
Soil 4 - Kialla 
Untreated Soil – Swell:  
*% 
  
Binder Content 
Swell (%) 
2% 4% 6% 
GP Cement 2 1 1 
Hydrated Lime 2 0 1 
Slag / Lime 6 5 3 
Triple Blend 5 2 1 
B
in
d
er
 T
y
p
e 
H 2 Off 3 1 1 
 
Soil 5 – Parkside Drive 
Untreated Soil – Swell:  
*% 
  
Binder Content 
Swell (%) 
2% 4% 6% 
GP Cement * * 2 
Hydrated Lime 8 3 2 
Slag / Lime * * * 
Triple Blend 7 7 6 
B
in
d
er
 T
y
p
e 
H 2 Off 8 5 4 
* Unable to measure swell due to test samples breaking apart. 
Table 5.16 – Swell test results. 
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5.13  Comparison Testing  
 
As noted earlier in the methodology, a small sample of comparison tests were 
undertaken to establish the magnitude of variation to the density and optimum 
moisture content of the parent soil following the addition of stabilising binders. 
Soil No. 5 was selected for this testing and both GP cement and Hydrated Lime 
were added to the soil for comparison. The mid-range application rate of 4 % 
was adopted. The maximum dry density and optimum moisture content was 
established for each of the combinations using standard compactive effort. The 
results of the testing are provided below in Table 5.17.  
 
 
Soil 5 - Parkside Drive (Silty clay with traces of sand  CI) 
 
 Natural Soil 
Soil + 4% GP 
Cement 
Soil + 4% 
Hydrated 
Lime 
 
Maximum Dry Density 
(t/m 3 ) 
 
1.696 1.695 1.646 
 
Optimum Moisture 
Content (%) 
 
19.3 19.2 20.7 
CBR (%) -  4 Day Soak  
(Compacted to 100% 
MDD) 
70 - 70 
Table 5.17 – Comparison testing results. 
 
 
 
The results of the testing shown above in Table 5.17 indicate that when GP 
cement was added at the rate of 4 %, there was negligible change to the 
maximum dry density and optimum moisture content when compared to the 
original test results. The addition of 4 % hydrated lime reduced the maximum 
dry density by around 3 % and increased the optimum moisture content by       
1.4 %. The testing of a specimen of the soil, stabilised with 4 % hydrated lime 
and compacted to the lower density of 1.646 t/m 3 , resulted in no change to the 
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CBR strength when compared with the value obtained for the soil-lime specimen 
compacted to a density of 1.696 t/m 3 .  
   100
 
 
 
Chapter 6: Analysis of Experimental Test 
Results 
 
 
6.1 Aim of the Analysis 
 
The aim of the analysis of the experimental testing results is to firstly determine 
the binders that perform well with each of the soils, based primarily on the 
strength gain following stabilisation. The analysis also aims to ascertain 
appropriate design strengths for the stabilised soils for use in new flexible 
pavement design. It is intended, as part of the second stage of the analysis, to 
establish the savings to the required depth of granular pavement material when 
stabilisation of the natural subgrade soils is undertaken to provide a subbase 
layer in new pavement construction in the Goulburn Valley region. 
 
 
6.2 Analysis of California Bearing Ratio (CBR) Test Results 
 
The first part of the analysis will aim to establish the stabilising additives that 
provide the greatest strength gain to each of the soils on the basis of a 4 day 
soaked California Bearing Ratio (CBR) test. The CBR versus Additive Content 
has been plotted for each of the soils, with each of the five stabilising additives 
used in the testing program.  
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The criterion used for this part of the evaluation includes the following 
requirements: 
 
• A minimum target strength of CBR 45 % 
• Achievement of target CBR with lower binder content rates considered 
preferable (i.e. up to 4 %) 
 
 
 
Soil No. 1 
Sandy clay – CI  (“Katandra”) 
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Figure 6.1 – CBR versus Additive Content for Soil No. 1. 
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Soil No. 2 
Silty clay with sand - CL  (“Zeerust”) 
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Figure 6.2 – CBR versus Additive Content for Soil No. 2. 
 
 
Soil No. 3 
Clay - CH  (“Seven Creeks”) 
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Figure 6.3 – CBR versus Additive Content for Soil No. 3. 
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Soil No. 4 
Silty clay with sand - CL  (“Kialla”) 
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Figure 6.4 – CBR versus Additive Content for Soil No. 4. 
 
 
Soil No. 5 
Silty clay with traces of sand - CI  (“Parkside Drive”) 
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Figure 6.5 – CBR versus Additive Content for Soil No. 5. 
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The best performing additives based on the assessment criterion specified 
previously, have been compiled for each of the soil types used in the 
experimental testing program and provided in Table 6.1. 
  
 
Soil No. Classification 
Best Performing Binder - Based 
on CBR Test  
1 Sandy clay – CI 
GP Cement 
Lime 
Triple Blend 
H 2 Off 
2 Silty clay with sand - CL 
GP Cement 
Lime 
Triple Blend 
 
3 
 
Clay - CH Lime 
4 Silty clay with sand - CL 
GP Cement 
Lime 
Triple Blend 
H 2 Off 
 
5 
 
Silty clay with traces of 
sand - CI 
Lime 
Table 6.1 – Best performing binders based on CBR test results. 
 
 
The experimental test results have shown that good strength gain was achieved in 
all five soil types when stabilised with Hydrated Lime. The good performance of 
the lime is likely to be the result of the reaction with the predominantly clay 
soils. Alkalis that are contained within the additives generally have a greater 
effect with the more plastic clays. Lime is a pure alkali and therefore performs 
well with the clay soils. 
 
The addition of GP Cement provided good strength gain to the three lower 
plasticity soils that consequently contained the highest sand fraction. The Triple 
Blend additive appeared to work best with the soils that also displayed good 
strength gain with the addition of GP Cement. While the soils containing the 
slag/lime additive demonstrated moderate strength gain with each of the soil 
types, the increase was well less than that achieved with the Cement and Lime 
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additives. The strength increase in this instance was likely to be due largely to 
flocculation with the addition of lime and the introduced fines causing a lowering 
of the water absorption rate as opposed to particle bonding with the slag 
component. It is probable that with an increased curing time, this slow-setting 
binder would generate increased strengths in the soils.  
 
The H 2 Off additive worked well with the lower plasticity – higher sand fraction 
soils but was less effective with the high plasticity soils. Again the strength gain 
witnessed with the addition of H 2 Off following the short curing period is likely 
to be the result of flocculation by the alkalis and the introduced fines causing a 
reduction to the rate of water ingress. It is thought that the polymer component 
would have offered only minimal advantage to the soil.  
 
The strength results have highlighted that generally the more binder added to the 
soil the greater the final strength. There were a few exceptions to this observation 
which may be the result of inconsistencies in the uniformity of the soils or the 
binder-soil mix. It could also be a consequence of optimum concentration levels 
being reached at relatively low binder application rates with the strength 
continuing to remain relatively constant or falling away with further binder 
addition. Out of the five alternative binders, H 2 Off has generally shown the 
more consistent rates of strength gain with increasing binder addition across all 
of the five soil types.  
 
While the target strengths have been achieved in some cases with relatively low 
additive content rates, it is suggested that when stabilising a soil with lime, the 
optimum lime rate for the particular soil type be established. The application rate 
for the lime should be such that this saturation level is achieved to ensure that the 
lime continues to work for the life of the pavement. Evans, Smith and Vorobieff 
(n.d.) note that while flocculation occurring as a result of the addition of lime to 
clay soils can have a dramatic effect on the soil, increased strength gains that 
result may only be temporary and can be reversed when exposed to moisture.  
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One method of establishing the optimum (saturation) lime level is to plot the 
results of unconfined compressive strength testing performed on the stabilised 
soils, increasing the addition of lime until the compressive strength peaks and 
begins to fall away. The lime content corresponding to the peak of the plot is 
known as the optimum lime content for that particular soil.  
 
 
6.3 Analysis of Unconfined Compressive Strength (UCS) Test 
Results 
 
While the strength gain to the stabilised soils has been based primarily on the 
results of the CBR testing, the unconfined compressive strength, as a 
consequence of stabilisation of the soils has been used to confirm the 
effectiveness of the different additives.  This testing has provided a longer curing 
period, when compared with the CBR testing, and this is likely to allow the 
slower setting binders to react more effectively with the soils. The unconfined 
compressive strength testing has been performed on the stabilised samples 
following a 28 day curing period. The UCS versus Additive Content has been 
plotted for each of the soil types, with each of the five stabilising additives used 
in the testing program. As a guide to evaluating significant strength gain, the 
author has adopted a minimum strength requirement of around 1 MPa. This is 
considered the minimum requirement when confirming adequate strength for a 
lightly bound material as mentioned previously. The plot of the UCS versus 
Additive Content for each of the soils is shown in the following graphs. 
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Soil No. 1 
Sandy clay – CI  (“Katandra”) 
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Figure 6.6 – UCS versus Additive Content for Soil No. 1. 
 
 
Soil No. 2 
Silty clay with sand - CL  (“Zeerust”) 
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Figure 6.7 – UCS versus Additive Content for Soil No. 2. 
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Soil No. 3 
Clay - CH  (“Seven Creeks”) 
 
0
0.5
1
1.5
2
2.5
0 2 4 6
Additive Content (%)
U
C
S
 (
M
P
a
) GP Cement
Lime
Slag/Lime
Triple Blend
H2Off
 
Figure 6.8 – UCS versus Additive Content for Soil No. 3. 
 
 
Soil No. 4 
Silty clay with sand - CL  (“Kialla”) 
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Figure 6.9 – UCS versus Additive Content for Soil No. 4. 
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Soil No. 5 
Silty clay with traces of sand - CI  (“Parkside Drive”) 
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Figure 6.10 – UCS versus Additive Content for Soil No. 5. 
 
 
The best performing additives based on the UCS test results have been compiled 
for each of the soil types. The results of this assessment are provided in Table 6.2 
below. 
 
 
Soil No. Classification 
Best Performing Binder - Based 
on UCS Test  
1 Sandy clay – CI 
GP Cement 
Lime 
Triple Blend 
2 Silty clay with sand - CL 
GP Cement 
Lime 
Triple Blend 
 
3 
 
Clay - CH Lime 
4 Silty clay with sand - CL 
GP Cement 
Triple Blend 
H 2 Off 
5 
Silty clay with traces of 
sand - CI 
GP Cement 
Lime 
Slag / Lime 
Table 6.2 – Best performing binders based on UCS test results. 
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Although relatively low unconfined compressive strength results have been 
obtained through this form of testing, the test results have displayed a similar 
strength increase trend to that of the CBR testing results. While the addition of 
GP cement resulted in only limited strength gain to Soil No. 3 (Clay – CH), this 
additive provided good strength gain in each of the other soils. Triple Blend 
worked well with the lower plasticity – higher sand content soils and the lime 
provided a substantial increase to all soils, although the test results showed a 
dipping in the stabilised soil strength at a content rate of 4 % for Soil No. 4. It is 
considered that this test result deviated from the general strength increase trend 
and may suggest that the result was not a true indication of the strength gain for 
this particular additive content. Even with the greater curing time of 28 days, the 
only soil to result in a compressive strength in excess of 1 MPa with the addition 
of Slag/Lime at an application rate of 4 % or less, was Soil No. 5. 
 
 
6.4 Analysis of Capillary Rise Test Results 
 
For most soils, the dry strength of the soil is normally substantially higher than 
the wet strength. A further analysis of the advantages associated with 
stabilisation is to assess the decrease in the rate of water up-take for the soils 
following stabilisation. As previously noted, there does not appear to be firm 
guidance on the rate that is considered acceptable, but a 25 % limit to the 
capillary rise in a period of 24 hours may be considered appropriate. The 
following analysis of the capillary rise test results will consider the additives that 
slow the capillary rise to less than 25 % in this time period. The results of the 
capillary rise testing have been plotted for each soil type with each of the 
additives and additive content rates. The capillary rise test results for each of the 
untreated soil specimens have also been included on the graphs to provide a 
comparison between the alternatives.  
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Soil No. 1 
Sandy clay – CI  (“Katandra”) 
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Figure 6.11 – Capillary Rise for Soil No. 1 following stabilisation with various additives. 
 
 
Soil No. 2 
Silty clay with sand - CL  (“Zeerust”) 
 
0
20
40
60
80
100
GP Cement Lime Slag/Lime Triple Blend H2Off
Stabilising Additive 
C
a
p
ill
a
ry
 R
is
e
 (
%
)
0% 2% 4% 6%
 
Figure 6.12 – Capillary Rise for Soil No. 2 following stabilisation with various additives. 
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Soil No. 3 
Clay - CH  (“Seven Creeks”) 
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Figure 6.13 – Capillary Rise for Soil No. 3 following stabilisation with various additives. 
 
Soil No. 4 
Silty clay with sand - CL  (“Kialla”) 
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Figure 6.14 – Capillary Rise for Soil No. 4 following stabilisation with various additives. 
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Soil No. 5 
Silty clay with traces of sand - CI  (“Parkside Drive”) 
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Figure 6.15 – Capillary Rise for Soil No. 5 following stabilisation with various additives. 
 
 
While only a limited number of the specimens achieved the maximum nominated 
limit of 25 % capillary rise in 24 hours, many of the additives provided a slowing 
of the water up-take to the soils when compared to the results of the untreated 
soils.  
 
Cements are hydrophilic and their addition can in fact promote the rise of water 
(suction) up through the soils. This action is however offset by the fine cement 
particles blocking the pores within the soils and limiting the travel of water. In 
contrast, the H 2 Off additive is hydrophobic and imparts water-repelling 
characteristics to the parent soil.   
 
For Soil No. 1 all additives provided a reduction to the capillary rise. Both GP 
cement and lime produced substantial decreases, however H 2 Off provided the 
greatest reduction at the lowest application rate. Testing on Soil No. 2 indicated 
that only lime and H 2 Off additives produced a reduction to the capillary rise 
with substantial decrease being achieved when H 2 Off was added at a rate of 6%. 
   114
H 2 Off was the only additive that provided any decrease to the capillary rise in 
the 24 hour period for Soil No. 3. The addition of GP cement, lime and H 2 Off to 
Soil No. 4 resulted in a substantial decrease to the capillary rise with H 2 Off 
providing the greatest resistance to the ingress of water. Adding Triple Blend 
resulted in only a marginal decrease when added at a rate of 6 %.  
 
Stabilising Soil No. 5 with lime resulted in a slight decrease to the capillary rise 
with the application rate of 4 % and a further decrease at 6 %. The only other 
additive that provided a decrease to the capillary rise was H 2 Off, however this 
was only detected when applied at a rate of 6 %. 
 
The addition of slag/lime to all five soils failed to result in any change in the 
capillary rise in the 24 hour period when compared to the untreated soil.  
 
 
 
6.5 Analysis of Water Absorption Test Results 
 
Adding stabilising binders to a soil can lead to an increased resistance to the 
absorption of water. In this instance the soil properties are altered, affording the 
soil with water repelling characteristics. The results of the absorption testing 
have been plotted for each soil type with each of the additives and additive 
content rates. The absorption test results for each of the untreated soil specimens 
have also been included on the graphs to provide a comparison between the 
alternatives. 
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Figure 6.16 – Water Absorption for Soil No. 1 following stabilisation with various additives. 
 
Soil No. 2 
Silty clay with sand - CL  (“Zeerust”) 
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Figure 6.17 – Water Absorption for Soil No. 2 following stabilisation with various additives. 
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Soil No. 3 
Clay - CH  (“Seven Creeks”) 
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Figure 6.18 – Water Absorption for Soil No. 3 following stabilisation with various additives. 
 
 
Soil No. 4 
Silty clay with sand - CL  (“Kialla”) 
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Figure 6.19 – Water Absorption for Soil No. 4 following stabilisation with various additives. 
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Soil No. 5 
Silty clay with traces of sand - CI  (“Parkside Drive”) 
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Figure 6.20 – Water Absorption for Soil No. 5 following stabilisation with various additives. 
 
 
It can be seen from the above graphs that all additives reduced the water 
absorption in each of the soils following stabilisation. In most cases, increasing 
the content of the additive resulted in a greater reduction to the rate of water 
absorption. It is evident from the results of this testing that H 2 Off was the best 
performing additive for all soils tested when considering water absorption.    
 
 
6.6 Analysis of Swell Test Results 
 
The results of this testing, provided in Chapter 5, indicated that while the 
addition of the additives restricted the swelling of the specimens in general, the 
natural soil specimens and a number of the stabilised specimens broke apart 
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during the up-take of water, preventing a comprehensive comparison between 
the untreated and stabilised specimens.  
 
The swelling of the samples is related to the expansive nature of the clays 
contained within the soils. The ingress of water into the soil provides lubrication 
of the clay particles and the particles have a propensity to rearrange as a result of 
their electronegative repulsion characteristic. This in turn allows water to 
permeate between the particles and leads to an increase in the volume (swelling) 
of the soils. The stabilising additives contain alkalis in varying proportions and 
combinations. Lime is a pure alkali while H 2 Off is manufactured from selected 
alkali flocculants and water repelling additives. The addition of these alkalis has 
the effect of reducing the electronegative repulsion of the clay particles and 
consequently limiting the penetration of water between the particles. Cements 
can have the effect of holding the sample together where the cement matrix is 
strong enough, leading to a reduction in the overall swelling of the soil.  
 
It appeared that samples began to break apart when the swell rate of around 10 % 
was exceeded. The two more plastic soils (Soil No. 3 and Soil No. 5) showed a 
tendency to continue to swell and break apart even when stabilised. The addition 
of H 2 Off did offer a reduction to the swell in both of these soils and Lime and 
Triple Blend had some success in reducing the swell in Soil No. 5. 
 
The swell in the stabilised specimens was minimal with all soil-binder 
combinations for Soil No. 1. The addition of GP cement, lime and Slag/Lime to 
Soil No. 2 provided some reduction to the swell but only when added at a 
minimum rate of 4 %. While the swell was able to be measured in the Slag/Lime 
stabilised specimens (4 % and 6 % application rates), it is likely that these 
samples were close to the “break-apart” limit with the swell measured at around 
10 %. Adding Triple Blend and H 2 Off to this soil resulted in similar swell 
characteristics. 
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The addition of the binders to Soil No. 4 has limited the swelling of the soil to 
relatively small rates in all combinations. The Slag/Lime additive performed 
least well out of the five additives. 
 
 
6.7 Overall Soil Stabilisation Assessment 
 
When assessing the improvement to the five soils through stabilisation on the 
basis of strength gain, it has been shown that CBRs in excess of the 45 % target 
value have been achieved when using Hydrated lime at rates of around 2 % to    
4 %. It has also been shown that the addition of GP cement, Triple Blend and 
H 2 Off has achieved these results in some instances. The use of Slag/Lime 
showed only marginal improvement with the experimental testing regime used in 
this instance.  
 
While GP cement, Triple Blend and H 2 Off have been shown to be viable 
alternatives for the lower plasticity clays, it is likely that the substantially longer 
working times available when using lime may render this additive a generally 
more practical alternative for stabilisation of soils located in the Goulburn Valley 
region.   
 
 
6.8 Design Stabilised Subgrade Strength 
 
As previously discussed, the recommended input parameter for a stabilised 
subgrade, for the purposes of designing a pavement, is the CBR strength. When 
incorporating a stabilised subgrade layer, a maximum design CBR strength of  
15 % is permitted. Stabilised soils that achieve a 4-day soaked CBR strength of 
at least 45 % are considered to have demonstrated adequate strength gain to be 
assigned a design CBR strength of 15 % for pavement design purposes.  
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The results of the testing shown above indicate that this strength can be achieved 
in all five soils when stabilising with particular additives at rates of between 2 % 
and 4 %. It is believed that where stabilisation of the subgrade is incorporated to 
provide a reduction to the overlaying granular material depth, the desire would 
be to achieve the maximum allowable design strength for this layer (i.e. CBR   
15 %). Although design strengths of less than CBR 15 % would provide for 
some reduction to the overlaying pavement material depth, it is likely that this 
may be considered ineffective when considering the subgrade stabilisation on the 
basis of an economic alternative.  
 
The Design CBR strength for stabilised subgrades used in the following 
pavement make-up examples have been set at the maximum value of 15 % for 
the purpose of comparing to make-ups that do not include subgrade stabilisation. 
 
 
6.9 Analysis Incorporating Typical Pavement Designs 
 
In order to establish the benefits resulting from the stabilisation of the subgrade 
soils, typical flexible pavement make-ups have been determined for two selected 
traffic loadings, based on the design procedure outlined in APRG “Guide to the 
Design of New Pavements for Light Traffic” (APRG, 2001).  
 
The following parameters have been considered in the pavement calculations as 
previously outlined in the project methodology. 
 
Design Traffic Loadings  
 
1. 2.0 x 10 4   ESAs  
2. 1.5 x 10 5   ESAs  
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Design Confidence Level 
 
1. 95 % 
2. 90 % 
 
Design Period 
 
• 20 Years 
 
Construction Type 
 
• Flexible Pavement. 
 
Subgrade Design Strength 
 
• Based on Laboratory soaked CBR test results for each soil type. 
 
Annual Growth Rate 
 
• 1 % 
 
Stabilised Subgrade 
 
• Maximum Design Strength: CBR 15 % 
• Minimum Layer Depth: 150 mm 
• Maximum Layer Depth: 250 mm 
• Minimum cover over stabilised layer to avoid reflective 
cracking: 150 mm 
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The following subgrade strengths, established as part of the experimental testing, 
have been adopted as the “Subgrade Design Strength” for the purposes of 
undertaking the design of typical pavement make-ups in this part of the analysis.  
 
 
Soil Type 
No. 
Location Classification CBR (%) 
 
1 
 
Lincoln Street Katandra West CI 3.0 
 
2 
 
Zeerust School Road Zeerust CL 2.5 
 
3 
 
Seven Creeks Estate South 
Shepparton 
CH 3.5 
 
4 
 
Mitchell Road Kialla CL 5.0 
 
5 
 
Parkside Drive Shepparton CI 7.0 
Table 6.3 – CBR strength measured for each natural soil.  
 
 
 
6.9.1 Pavement Depth Requirements where Stabilisation of the Subgrade 
is not Undertaken 
 
The total Pavement Depth required, considering each of the subgrade design 
strength values and the nominated design traffic loadings, has been established 
using the APRG design charts [Figures 13.8.2(A) and 13.8.2(B)] (APRG, 2001). 
Copies of these charts have been included as part of the methodology outlined in 
Section 4 of this report. The minimum depth of cover determined in each case is 
shown below in Tables 6.4 and 6.5 when considering each of the confidence 
levels nominated above.   
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Design Traffic Loading: 2 x 10 4 ESAs 
 
Required Thickness of Cover (mm) 
Design CBR (%) 95% Confidence 
Level 
90% Confidence 
Level 
2.5 420 340 
3.0 420 340 
3.5 390 310 
5.0 300 250 
7.0 250 210 
Table 6.4 – Minimum depth of cover for 2 x 10
4
ESAs. 
 
 
 
 
Design Traffic Loading: 1.5 x 10 5ESAs 
 
Required Thickness of Cover (mm) 
Design CBR (%) 
95% Confidence Level 
90% Confidence 
Level 
2.5 490 400 
3.0 490 400 
3.5 440 370 
5.0 350 290 
7.0 290 240 
Table 6.5 – Minimum cover depth for 1.5 x 10
5
ESAs. 
 
 
It should be noted that where the natural CBR strength is less than 3 % APRG 
recommends stabilisation as an initial mandatory requirement and that the design 
be then undertaken on the basis of a design subgrade strength of 3 % (APRG, 
2001). Testing work has established that Soil No.2 has a natural CBR strength of 
2.5 % and should therefore be subject to this initial treatment. Results of strength 
testing undertaken following stabilisation of this soil have indicated that 
substantial strength gain was also possible for the inherently low strength soil. 
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The following pavement make-up comparisons are therefore made with the 
belief that this soil can also be allocated a modified design strength as high as   
15 % where stabilised to form a subbase layer.  
 
 
6.9.2 Pavement Depth Requirements where Stabilisation of the Subgrade 
is Undertaken 
 
The depth of Pavement Material required over a subbase (Stabilised Subgrade) 
with CBR 15 % has been established from the design charts and these values are 
provided in Tables 6.6 and 6.7 for each of the selected traffic loadings.  
 
 
Design Traffic Loading: 2 x 10 4 ESAs 
 
Required Thickness of Cover (mm) 
Design CBR (%) 
95% Confidence Level 
90% Confidence 
Level 
15 140 130 
Table 6.6 – Minimum depth of cover over Design CBR 15% for 2 x 10
4
ESAs. 
 
 
 
 
Design Traffic Loading: 1.5 x 10 5ESAs 
 
Required Thickness of Cover (mm) 
Design CBR (%) 
95% Confidence Level 
90% Confidence 
Level 
15 170 150 
Table 6.7 – Minimum depth of cover over Design CBR 15% for 2 x 10
4
ESAs. 
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While in all cases a minimum depth of 100 mm of a granular material having a 
minimum CBR 80 is required in the upper base layer, this requirement does not 
vary with the adoption of a stabilised subbase layer. The minimum 150 mm 
depth of cover required to prevent reflective cracking, will maintain adequate 
cover depth to include this minimum upper base requirement in all cases.   
 
 
6.9.3 Comparison between Pavement Depths Considering both Untreated 
and Treated Subgrade Soils  
 
The following comparison has been made between the pavement requirements 
considering both untreated (natural) subgrade soils and the provision of a 
subbase layer through the stabilisation of the existing subgrade soils. The 
maximum depth of stabilised subgrade has been adopted where compliance with 
the limits of the controlling parameters already discussed continue to be 
achieved. The depth of stabilisation adopted in each case has been listed and the 
resulting saved depth of subbase material has also been provided in the following 
tables. 
 
 
Design Traffic:  2 x 10 4 ESAs 
Confidence Level: 95 % 
 
Design 
CBR 
Total 
Pavement 
Depth 
Subgrade 
Stabilised 
Depth 
Required 
Overlay 
New Total 
Pavement 
Depth 
Depth of 
Saved 
Subbase 
material 
2.5 420 250 170 420 250 
3.0 420 250 170 420 250 
3.5 390 240 150 390 240 
5.0 300 150 150 300 150 
7.0 250 150 150 300 100 
Table 6.8 – Depth of stabilisation & Depth of Saved Subbase Material for 2 x 10
4
ESAs (95% 
Confidence Level). 
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Design Traffic:  2 x 10 4 ESAs 
Confidence Level: 90 % 
 
Design 
CBR 
Total 
Pavement 
Depth 
Subgrade 
Stabilised 
Depth 
Required 
Overlay 
New Total 
Pavement 
Depth 
Depth of 
Saved 
Subbase 
material 
2.5 340 190 150 340 190 
3.0 340 190 150 340 190 
3.5 310 160 150 310 160 
5.0 250 150 150 300 100 
7.0 210 150 150 300 60 
Table 6.9 – Depth of stabilisation & Depth of Saved Subbase Material for 2 x 10
4
ESAs (90% 
Confidence Level). 
 
 
 
 
Design Traffic:  1.5 x 10 5ESAs 
Confidence Level: 95 % 
 
Design 
CBR 
Total 
Pavement 
Depth 
Subgrade 
Stabilised 
Depth 
Required 
Overlay 
New Total 
Pavement 
Depth 
Depth of 
Saved 
Subbase 
material 
2.5 490 250 240 490 250 
3.0 490 250 240 490 250 
3.5 440 250 190 440 250 
5.0 350 180 170 350 180 
7.0 290 150 170 320 120 
Table 6.10 – Depth of stabilisation & Depth of Saved Subbase Material for 1.5 x 10
5
ESAs     
(95 % Confidence Level). 
 
 
 
 
   127
Design Traffic:   1.5 x 10 5ESAs 
Confidence Level: 90 % 
 
Design 
CBR 
Total 
Pavement 
Depth 
Subgrade 
Stabilised 
Depth 
Required 
Overlay 
New Total 
Pavement 
Depth 
Depth of 
Saved 
Subbase 
material 
2.5 400 250 150 400 250 
3.0 400 250 150 400 250 
3.5 370 220 150 370 220 
5.0 290 150 150 300 140 
7.0 240 150 150 300 90 
Table 6.11 – Depth of stabilisation & Depth of Saved Subbase Material for 1.5 x 10
5
ESAs      
(90 % Confidence Level). 
 
 
From the above calculations it can be seen that in most instances, stabilisation of 
the subgrade soils can produce a saving of subbase material equivalent in depth 
to the adopted stabilised layer depth. The greatest savings of granular material 
depths are achieved where the lower strength natural subgrade soils are stabilised 
to increase the design strength to CBR 15 %. It is also evident that while the 
adoption of a high level of confidence for design purposes leads to a greater 
overall pavement depth, it also offers potential for increased granular material 
savings when subgrade stabilisation forms part of the pavement. Generally it is 
only when the natural subgrade strength increases to values of CBR 5.0 % and 
7.0 % that the depth of saved subbase material begins to fall below the depth of 
stabilisation. This is in part due to the reduced overall pavement depth 
requirements in these instances as well as the mandatory minimum cover depths 
over the stabilised layer.  
 
It can be seen that the Design Traffic loading and nominated confidence level 
have a bearing on the extent of the saving in imported subbase granular material, 
as does the natural strength of the subgrade soils. Establishing the viability of 
incorporating the technique of converting the subgrade soils to a subbase layer in 
new pavement construction would most likely require further economic analysis 
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with consideration of the depth of stabilisation to saved subbase material ratio for 
particular subgrades and traffic conditions.  
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Chapter 7: Conclusions and Further Work 
 
 
The objective of this project has been to establish the possibility of incorporating 
stabilisation of the natural Goulburn Valley soils into new pavement construction 
and in doing so provide a saving in granular subbase material. Conducting 
experimental testing by adding a number of commonly available stabilising 
additives to each of the soils and measuring the resulting strength gain has 
allowed an assessment of the suitability of combining various additives with 
each of the soil types. 
  
Following confirmation of adequate strength gain, typical low traffic urban and 
rural roads were modelled with the inclusion of a stabilised subgrade layer to 
establish the theoretical reduction to the depth of granular pavement material 
required when compared with conventional flexible pavement make-ups.  
 
 
7.1 Outcomes and Key Findings 
 
7.1.1  Additive Performance 
 
It has been found that the lime additive has performed well with all five soil 
types when considering the strength gain based on the California Bearing Ratio 
(CBR) testing. General Purpose cement, Triple Blend and H2Off have been 
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effective in strengthening the lower plasticity clay soils while only moderate 
improvement has resulted from the addition of Slag/Lime. Unconfined 
compressive strength (UCS) testing has generally provided corroboration of 
these enhanced strengths. 
 
Experimental testing conducted on each of the five soils has shown that 
substantial strength gain can be achieved following stabilisation. It has been 
possible to increase the CBR strengths of some of the soils to as high as 180 % 
when stabilised with particular additives. While not all additives produced 
strength gains of this magnitude, all soils responded well to at least one of the 
additives used in the experimental testing program to produce CBR strengths 
well in excess of 45 %. It is therefore considered reasonable to expect that it is 
possible to create a subbase pavement layer by stabilising any of the five soil 
types with the most appropriate additives. It is also reasonable to expect that the 
allocation of a design CBR strength of 15 % would be with a relatively high 
level of confidence based on the experimental testing results. 
 
 
7.1.2 Savings to Subbase Material 
 
The magnitude of the reduction in the depth of granular material as a result of 
stabilising the in-situ natural soils is limited by various conditions. The specified 
maximum allowable design CBR strength for a stabilised layer (CBR 15 %) 
provides a ceiling to the saving of subbase material in many instances. The 
natural subgrade strength prior to stabilisation also has a bearing on the extent of 
the reduction. Where a relatively strong natural subgrade exists, the reduction 
will be of a lesser degree. The maximum saving will be realised where a low 
strength subgrade soil can be strengthened to provide the maximum allowable 
design CBR strength of 15 %. Higher traffic loadings and higher design 
confidence levels generally lead to a greater potential for savings in granular 
material following the implementation of a stabilised subbase layer. The saving 
will always be restricted by the limitations of construction practices that 
normally inhibit adequate compaction of single layers in excess of 250 mm in 
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depth.  The minimum depth of cover required to prevent reflective cracking as a 
result of the hydration of cemented materials can also have a bearing on the 
ensuing advantage. 
 
The example pavement modelling provided as part of this study has shown that 
savings in subbase granular material of depths between 150 mm and 250 mm 
may be achieved where stabilisation of the subgrade soils forms part of new light 
traffic pavements in the Goulburn Valley region. 
 
It is hoped that this project work may allow pavement designers in the Goulburn 
Valley to confidently consider the incorporation of stabilisation of the natural 
subgrade clay soils when designing new pavements. While in many cases it may 
well be more convenient to specify conventional crushed rock subbase layers, 
more widespread inclusion of subgrade improvement through stabilisation may 
augment the popularity of this technique and limit the crushed rock usage, 
leading to the protection and ongoing availability of this resource. 
 
 
7.2 Further Work 
 
While this project work has provided a theoretical assessment of the advantages 
associated with stabilisation based on experimental laboratory testing, the 
conducting of field monitoring of pavements constructed using this technique 
would be highly recommended as an extension to my work. It would be 
considered advantageous to construct roads with the inclusion of a subbase layer 
formed through the stabilisation of the natural soils and compare to the 
performance of a pavement that uses the conventional crushed rock or hill gravel 
type subbase layer.  
 
Unfortunately field monitoring can often be inconclusive with many variables 
influencing the final deterioration of a pavement. With pavements generally 
designed to last for periods in excess of 20 years, this work would most likely 
need to span a lengthy period. It is recommended that comparison be made 
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between road pavements with a high degree of similarity to ensure a reasonable 
level of conclusiveness is achieved from this assessment process. 
 
It is thought that while the five soils investigated, as part of the research project 
work, were generally representative of the soils located across the Goulburn 
Valley region, testing of further soil samples would serve to enhance the findings 
of this report. 
   
Capillary rise testing indicated that water ingress may be detrimental to the 
subgrade soils. While many of the additives provided a slowing of the water 
absorption rate when compared to the take-up rate of the natural soils, 
monitoring of pavement performance may provide verification of the benefits 
associated with a possible slowing of subgrade deterioration as a consequence of 
reduced water ingress through soil stabilisation. 
  
The project has considered a relatively limited assessment of the improvement to 
the soils following stabilisation. While the analysis of the benefits resulting from 
stabilisation of the soils has included two alternate strength testing methods, 
capillary rise, swell and absorption rate measurements, other soil properties that 
alter as a consequence of the addition of binders can influence the use of this 
technique in particular circumstances. Assessing the reduction to the plasticity of 
the soils following stabilisation can provide an indication of the lessening of 
volume instability of the clay soils. Where highly expansive clays exist in the 
subgrade, lowering the expansive nature of the soil can lead to a reduction in 
possible reflective cracking penetrating to the pavement surface.  
 
Shrinkage is a phenomenon associated with the hydration process that occurs 
when soils are stabilised. The extent of shrinkage cracking can often be linked to 
the type of additive and also the soil that is being stabilised. It is therefore 
considered appropriate that this property also be investigated as part of future 
research work.  
 
It is likely that the practice of incorporating a stabilised subbase layer would 
normally only be adopted if financially viable to do so. With a relatively ready 
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supply of crushed rock and subbase gravel materials located across most of the 
region, a substantial cost benefit may need to occur before local contractors 
would fully accept this alternative. It is therefore recommended that an 
assessment of the associated cost benefits be also analysed as part of further 
research.   
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Appendix B:  Safety  
 
 
All safety issues associated with the execution of the project have been 
considered and a risk management assessment has been undertaken to ensure the 
minimisation of potential hazards. 
  
The following table has been prepared detailing the specific tasks that will be 
undertaken as part of the project work and noting the potential hazards that are 
associated with each of these. Each of the hazards cited have been nominated a 
risk classification and recommendations for controlling these have been outlined. 
 
  
 1
4
3
RISK ASSESSMENT AND MANAGEMENT CHART 
 
Work Item Potential Hazard 
Risk 
Classification 
Risk Control 
 
Fuelling drilling rig 
 
Fire L 
Add fuel in clear areas or at service station. Ensure well maintained fire 
extinguisher provided on Rig. Switch off engine prior to fuelling. 
Towing drilling rig to 
site 
Road Accident M 
Road laws adhered to. Drilling rig lights and brakes operational. Towing vehicle 
well maintained. Ensure drilling rig correctly attached to vehicle and safety chain 
connected. 
 
Setting up drilling rig at 
site 
 
Crushing of body parts during 
mast raising 
L Keep body parts clear of machinery. Restrict access by others. 
 
Setting up drilling rig at 
site 
 
Electrocution L 
Inspect site for overhead power lines. Ensure mast is lowered when moving. Do 
not operate during electrical storms. 
Setting up drilling rig at 
site 
Crushing from overturning rig 
due to inadequate ground 
support 
L 
Ensure drill support rams are adequately founded on firm ground. Drill to remain 
attached to towing vehicle. 
Drilling and sampling 
soils 
Injury to body caused by 
entanglement with rotating 
auger 
L 
Keep body parts clear of auger while drilling. Ensure safety cut-out switch is 
operational. 
 
Drilling and sampling 
soils 
 
Knocks and abrasions due to 
loss of footing 
L Ensure area is clear of obstacles and holes. Restrict access by others. 
 
Drilling and sampling 
soils 
 
Back injury M 
Restrict samples to small bag sizes to avoid excessive weight handling. Use 
recommended technique when lifting drill augers and sample bags. 
  
 1
4
4
Work Item Potential Hazard 
Risk 
Classification 
Risk Control 
 
Drilling and sampling 
soils 
 
Hearing injury due to 
machinery noise. 
M Safety boots, ear muffs, safety hat and safety glasses worn. 
 
Drilling and sampling 
soils 
 
Foot injury due to falling 
objects 
M Safety boots to be worn when drilling. 
 
Drilling and sampling 
soils 
 
Eye injury from projectiles or 
dust 
L Safety glasses to be worn when drilling. 
 
Drilling and sampling 
soils 
 
Exposure to weather M UV sunscreen and hat to be worn. Avoid drilling during periods of rain. 
 
Sample preparation: 
Lifting samples 
 
Back injury M 
Restrict samples to small bag sizes to avoid excessive weight handling. Use 
recommended technique when lifting sample bags. 
 
Sample preparation: 
Working environment 
 
Dust inhalation 
 
M Wear dust mask when handling dry soil samples that produce dust. 
 
Sample preparation: 
Grating samples 
 
Injury to body parts due to 
entanglement 
L 
Keep body parts clear of rotating machinery. Ensure safety cut out switch is 
operational. Cover long hair. Loose clothing not to be worn. 
 
Sample preparation: 
Adding stabilising 
Cements 
 
Inhaling binder dust M Wear dust mask when using cementitious products. 
  
 1
4
5
Work Item Potential Hazard 
Risk 
Classification 
Risk Control 
 
Sample preparation: 
Using mechanical mortar 
and pestle to prepare 
plasticity test samples 
 
Injury to body parts due to 
entanglement or crushing 
L Keep body parts clear of rotating machinery. Wear safety boots. 
 
Laboratory Testing: 
Compacting samples 
 
Crushing of hands or feet L Wear safety boots. Keep hands clear of falling hammer. 
 
Laboratory Testing: 
Compression testing 
machine 
 
Crushing of hands L Keep hands clear of crushing ram when operating machine. 
 
 
Risk Classification Legend 
Level of Risk Abbreviation 
Low L 
Moderate M 
High H 
Extreme E 
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Appendix C:  Experimental Test Results 
 
 
C1:  Soil No. 1 Test Results 
C2:  Soil No. 2 Test Results 
C3:  Soil No. 3 Test Results 
C4:  Soil No. 4 Test Results 
C5:  Soil No. 5 Test Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
   147
 
 
 
 
 
Appendix C1: Soil No. 1 Test Results 
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Appendix C2: Soil No. 2 Test Results 
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Appendix C3: Soil No. 3 Test Results 
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Appendix C4: Soil No. 4 Test Results 
   304
 
   305
 
   306
 
   307
 
   308
 
   309
 
   310
 
   311
 
   312
 
   313
 
   314
 
   315
 
   316
 
   317
 
   318
 
   319
 
   320
 
   321
 
   322
 
   323
 
   324
 
   325
 
   326
 
   327
 
   328
 
   329
 
   330
 
   331
 
   332
 
   333
 
   334
 
   335
 
   336
 
   337
 
   338
 
   339
 
   340
 
   341
 
   342
 
   343
 
   344
 
   345
 
   346
 
   347
 
   348
 
   349
 
   350
 
   351
 
   352
 
   353
 
   354
   355
 
 
 
Appendix C5: Soil No. 5 Test Results 
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Appendix E:  XRF / XRD Test Results 
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Soil Type 1 2 3 4 5 
Location Katandra Zeerust 
Seven 
Creeks 
Kialla 
Parkside 
Drive 
Liquid Limit 34 30 59 27 47 
Plastic Limit 14 13 19 13 16 
Plasticity Index 20 17 40 14 31 
Plasticity 
Linear Shrinkage 10 8 15.5 9 16 
13.2mm (% Passing) 100 100 100 100 100 
2.36mm (% Passing) 96 99 100 99 99 
0.425mm (% Passing) 88 96 98 96 95 
0.075mm (% Passing) 66 74 95 76 85 
Sand Fraction (%) 34 26 5 24 15 
Silt Fraction (%) 39 44 51 43 66 
Particle Size 
Distribution 
Clay Fraction (%) 27 31 44 33 19 
Maximum Dry 
Density (t/m3) 
1.736 1.748 1.606 1.794 1.696 Density / 
Moisture 
Content 
Relationship 
Optimum Moisture 
Content (%) 
16.8 15.8 21.4 15.0 19.3 
Field Moisture Content (%) 12.5 12.1 16.8 11.6 14.1 
Classification 
Sandy clay  
CI 
Silty clay 
with sand 
CL 
Clay  CH 
Silty clay 
with sand 
CL 
Silty clay 
with traces 
of sand CI 
XRD Analysis  
- Crystal Name & Structure 
Quartz: 
44.2 %  
 
Kaolin: 
45.9 % 
 
Unknown: 
9.9 % 
 
 
- 
 
 
- 
 
 
- 
 
 
 
- 
 
 
- 
 
 
- 
 
 
 
- 
 
 
- 
 
 
- 
 
 
 
- 
 
 
- 
 
 
- 
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Soil Type 1 2 3 4 5 
Location Katandra Zeerust 
Seven 
Creeks 
Kialla 
Parkside 
Drive 
No Additive 3 2.5 3.5 5 7 
2% GP Cement 50 30 9 50 17 
4% GP Cement 70 70 30 110 40 
6% GP Cement 150 60 45 150 60 
2% Lime 50 45 35 50 35 
4% Lime 70 70 60 80 70 
6% Lime 60 70 60 80 90 
2% Slag / Lime 30 10 3 13 6 
4% Slag / Lime 40 17 7 10 12 
6% Slag / Lime 17 25 14 16 16 
2% Triple Blend 35 25 9 30 12 
4% Triple Blend 90 45 25 45 30 
6% Triple Blend 180 70 25 80 40 
2% H 2 Off 30 30 11 35 17 
4% H 2 Off 50 40 25 60 30 
California 
Bearing Ratio 
CBR (%) 
6% H 2 Off 80 50 40 80 40 
No Additive 0.14 0.34 0.32 0.24 0.20 
2% GP Cement 0.94 0.86 0.50 0.84 1.30 
4% GP Cement 1.80 1.20 0.66 1.20 1.90 
6% GP Cement 2.40 1.50 0.70 1.70 2.20 
2% Lime 0.58 0.86 0.52 0.82 1.00 
4% Lime 1.60 0.98 0.98 0.78 1.70 
6% Lime 1.50 1.20 1.10 1.40 2.20 
2% Slag / Lime 0.60 0.38 0.40 0.44 1.10 
4% Slag / Lime 0.80 0.58 0.54 0.68 1.30 
6% Slag / Lime 1.00 0.90 0.66 0.92 1.40 
2% Triple Blend 0.54 0.94 0.72 0.68 0.60 
4% Triple Blend 1.30 1.20 0.84 0.96 0.74 
6% Triple Blend 1.70 1.40 0.98 1.40 0.98 
2% H 2 Off 0.48 0.58 0.60 0.66 0.50 
4% H 2 Off 0.68 0.72 0.52 0.96 0.80 
Unconfined 
Compressive 
Strength UCS 
(MPa) 
6% H 2 Off 1.00 0.92 0.48 0.92 0.94 
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Soil Type 1 2 3 4 5 
Location Katandra Zeerust 
Seven 
Creeks 
Kialla 
Parkside 
Drive 
Time 
72 
Hr 
24 
Hr 
72 
Hr 
24 
Hr 
72 
Hr 
24 
Hr 
72 
Hr 
24 
Hr 
72 
Hr 
24 
Hr 
No Additive 100 100 100 100 100 100 100 91 100 96 
2% GP Cement 100 70 100 100 100 100 100 100 100 100 
4% GP Cement 100 74 100 100 100 100 74 70 100 100 
6% GP Cement 43 43 100 100 100 100 70 61 100 100 
2% Lime 86 69 100 100 100 100 100 68 100 100 
4% Lime 39 39 100 87 100 100 78 56 85 85 
6% Lime 35 26 100 82 100 100 69 43 70 43 
2% Slag / Lime 100 81 100 100 100 100 100 100 100 100 
4% Slag / Lime 83 74 100 100 100 100 100 100 100 100 
6% Slag / Lime 73 73 100 100 100 100 100 100 100 100 
2% Triple Blend 82 73 100 100 100 100 100 100 100 100 
4% Triple Blend 77 73 100 100 100 100 100 100 100 100 
6% Triple Blend 100 86 100 100 100 100 100 76 100 100 
2% H 2 Off 70 43 100 90 100 83 47 26 100 100 
4% H 2 Off 52 43 88 76 86 77 56 47 100 100 
Capillary 
Rise (%)  
6% H
22
Off 34 26 73 56 71 59 52 39 100 78 
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Soil Type 1 2 3 4 5 
Location Katandra Zeerust 
Seven 
Creeks 
Kialla 
Parkside 
Drive 
No Additive 23 35 37 25 42 
2% GP Cement 15 25 33 16 23 
4% GP Cement 14 21 26 12 20 
6% GP Cement 13 22 24 10 16 
2% Lime 16 24 32 15 24 
4% Lime 15 17 23 11 17 
6% Lime 15 17 19 12 16 
2% Slag / Lime 16 30 36 22 24 
4% Slag / Lime 15 27 37 20 22 
6% Slag / Lime 16 26 43 20 22 
2% Triple Blend 15 25 32 19 25 
4% Triple Blend 15 22 28 17 25 
6% Triple Blend 15 20 28 15 25 
2% H 2 Off 11 22 13 6 21 
4% H 2 Off 7 14 19 6 16 
Absorption (%) 
6% H 2 Off 5 9 10 6 13 
No Additive * * * * * 
2% GP Cement 2 * * 2 * 
4% GP Cement 1 4 * 1 * 
6% GP Cement 1 6 * 1 2 
2% Lime 1 * * 2 8 
4% Lime 1 1 * 0 3 
6% Lime 0 5 * 1 2 
2% Slag / Lime 2 * * 6 * 
4% Slag / Lime 2 10 * 5 * 
6% Slag / Lime 2 8 * 3 * 
2% Triple Blend 2 7 * 5 7 
4% Triple Blend 1 4 * 2 7 
6% Triple Blend 1 9 * 1 6 
2% H 2 Off 2 6 8 3 8 
4% H 2 Off 1 3 8 1 5 
Swell (%) 
6% H 2 Off 0 3 4 1 4 
* Unable to measure swell – specimen broke apart. 
